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ABSTRACT 
T h i s  p a p e r  p r e s e n t s  a n  o u t l i n e  of t h e  e x p e r i m e n t a l  p r o -  
c e d u r e s  n e c e s s a r y  t o  p e r f o r m  a complete, two-dimensional 
v i s c o e l a s t i c  stress a n a l y s i s  u s i n g  t h e  p h o t o v i s c o e l a s t i c  method. 
These p rocedures  are i l l u s t r a t e d  i n  the s o l u t i o n  of s e v e r a l  
example  problems. The example  problems  cover the range  of 
v a r i a b l e s   e n c o u n t e r e d  i n  p h o t o v i s c o e l a s t i c  model t e s t i n g .  A 
d e s c r i p t i o n  of t h e  n e c e s s a r y  l a b o r a t o r y  a p p a r a t u s  i s  inc luded .  
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I n  1963 a g roup  o f  r e sea rche r s  i n  the  Depar tmen t  of 
A e r o n a u t i c s  a n d  A s t r o n a u t i c s ,  u n d e r  t h e  s u p p o r t  o f  t h e  N a t i o n a l  
A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n ,  u n d e r t o o k  s t u d i e s  d i r e c t e d  
t o  e x t e n d i n g  e x p e r i m e n t a l  stress a n a l y s i s  t e c h n i q u e s  t o  i n e l a s t i c  
material behav io r s .  The f i r s t  object w a s  t o  e x t e n d  t h e  c l a s s i c a l  
p h o t o e l a s t i c  t e c h n i q u e s  f o r  e x p e r i m e n t a l  stress d e t e r m i n a t i m s  
t o  l i n e a r l y  v i s c o e l a s t i c  s o l i d s .  A t h e o r e t i c a l  s t u d y  a n d  p r e -  
l imina ry  expe r imen t s  w e r e  conducted  and  repor ted  i n  d e t a i l  i n  
t h e  NASA Con t rac to r   Repor t  CR-444. T h a t  r e p o r t  e s t a b l i s h e d  t h e  
f e a s i b i l i t y   o f   p h o t o v i s c o e l a s t i c   i n v e s t i g a t i o n s .  S i n c e  t h e n ,  
a s  a p a r t  of the  con t inu ing  s tudy ,  t h i s  g roup  unde r took  the  
t a s k  o f  d e v e l o p i n g  t h e  e x p e r i m e n t a l  p h o t o v i s c o e l a s t i c  t e c h n i q u e  
i n t o  a r o u t i n e   l a b o r a t o r y   p r o c e d u r e .   T h i s   r e p o r t   c o v e r s  some 
of  the  deve lopments  i n  t h i s  s p e c i f i c  a r e a  o f  t h e  r e s e a r c h  p r o j e c t .  
P h o t o v i s c o e l a s t i c i t y  i s  t h e  u s e  of t r a n s p a r e n t ,  b i refr in-  
g e n t  v i s c o e l a s t i c  m o d e l s  f o r  v i s c o e l a s t i c  stress a n a l y s i s .  
The method p a r a l l e l s  t h e  u s e  o f  p h o t o e l a s t i c i t y .  I n  photo- 
e l a s t i c i t y ,  a  model of t h e  p a r t  t o  be ana lyzed  i s  manufactured 
from an  e l a s t i c ,  b i r e f r i n g e n t  p l a s t i c .  The  model i s  loaded 
i n  a p o l a r i z e d  f i e l d  o f  l i g h t  a n d  o b s e r v a t i o n s  are made of t h e  
r e s u l t i n g   f r i n g e   p a t t e r n s .   A n a l y s i s   o f   t h e s e   f r i n g e   p a t t e r n s  
a l low computa t ion  o f  t he  stress. 
A p h o t o v i s c o e l a s t i c  model test  has  the added dimension 
of  t i m e .  T i m e  d e p e n d e n t  f r i n g e  d a t a  m u s t  be c o l l e c t e d  a n d  
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i n t e r p r e t e d  t o  y i e l d  t h e  t i m e  dependent  stresses. T h i s  i n t e r -  
p r e t a t i o n  makes use  o f  un ique  p rocedures .  
The r e l a t i o n s h i p s  b e t w e e n  t h e  o p t i c a l  a n d  m e c h a n i c a l  
behav io r  of v i s c o e l a s t i c  b i r e f r i n g e n t  materials are d i s c u s s e d  
i n   R e f e r e n c e s  [ 2 , 3 ]  and [ 5 ]  . I t  i s  n e c e s s a r y  t o  unde r s t and  
t h e s e  r e l a t i o n s h i p s  t o  i n t e r p r e t  t h e  f r i n g e  p a t t e r n s  o b s e r v e d  
i n  t h e  v i s c o e l a s t i c  model. 
I n  t h i s  p a p e r ,  s e v e r a l  p h o t o v i s c o e l a s t i c  m o d e l  tests are 
considered.   Each t e s t  w a s  c h o s e n  t o  i l l u s t r a t e  a n  e x p e r i m e n t a l  
va r i ab le  wh ich  migh t  be e n c o u n t e r e d  i n  t h e  l a b o r a t o r y .  A 
d i s c u s s i o n  of each  type  of t es t  i s  g iven  a long  wi th  an  exarnple  
t e s t  a n d  t h e  a s s o c i a t e d  d a t a  r e d u c t i o n  p r o c e d u r e s .  A d e s c r i p -  
t i o n  of l a b o r a t o r y  a p p a r a t u s  n e c e s s a r y  f o r  t h e  data r e d u c t i o n  
i s  i n c l u d e d  i n  S e c t i o n  6 .  A l l  of t h e  m o d e l s  t e s t e d  w e r e  i n  
a s ta te  of   two-dimensional   plane stress. A b r i e f  d i s c u s s i o n  
o f  t h r e e - d i m e n s i o n a l  t e s t i n g  i s  inc luded .  
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2. BIREFRINGENT MODEL TESTING 
The stress a n a l y s i s  of a n y  b i r e f r i n g e n t  model may be 
divided i n t o  t h r e e   s t e p s :  (1) r e c o r d i n g   t h e   i s o c h r o m a t i c  and 
i s o c l i n i c   f r i n g e   p a t t e r n s   o c c u r r i n g   i n   t h e  model; ( 2 )  r educ ing  
t h e  f r i n g e  order data t o  f i n d  d i r e c t i o n s  a n d  d i f f e r e n c e s  o f  
p r i n c i p a l  stress, and ( 3 )  comput ing   the   ind iv idua l   components  
o f  stress. 
2 . 1  E las t ic  ~~ Model Material 
I f  t h e  model material i s  e l a s t i c ,  t h e  i s o c h r o m a t i c  
f r i n g e  order i s  p r o p o r t i o n a l  t o  t h e  i n s t a n t a n e o u s  d i f f e r e n c e  i n  
p r i n c i p a l  stress. The c o n s t a n t  of p r o p o r t i o n a l i t y   ( f r i n g e  
c o n s t a n t )  may be d e t e r m i n e d   i n  a c a l i b r a t i o n  test .  I s o c l i n i c  
f r i n g e s  a p p e a r  a t  p o i n t s  w h e r e  t h e  d i r e c t i o n  o f  p o l a r i z a t i o n  
c o i n c i d e s  w i t h  t h e  i n s t a n t a n e o u s  d i r e c t i o n s  o f  p r i n c i p a l  stress. 
F o r  t h e  e l a s t i c  model tes t ,  S t e p  (1) c o n s i s t s  o f  r e c o r d -  
i n g  t h e  i s o c h r o m a t i c  f r i n g e  p a t t e r n  a n d  t h e n  t h e  i s o c l i n i c  
f r i n g e  p a t t e r n  f o r  s e v e r a l  o r i e n t a t i o n s  o f  t h e  a x i s  o f  p o l a r i z a -  
t i o n .   S t e p  ( 2 )  c o n s i s t s   o f   m u l t i p l y i n g   t h e   i s o c h r o m a t i c   f r i n g e  
order b y  t h e  f r i n g e  c o n s t a n t  w h i c h  y i e l d s  t h e  p r i n c i p a l  stress 
d i f f e r e n c e .   S t e p  ( 3 )  i s  a c c o m p l i s h e d   b y   t h e   i n t e g r a t i o n   m e t h o d  
or  by  supp lemen t ing  the  data from S t e p  ( 2 )  w i t h  o b l i q u e  
i n c i d e n c e ,  Moire’ or t h i c k n e s s  data [l]. 
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2 .2  Time Dependent  Model 
I f  t h e  mode l  exh ib i t s  t i m e  dependent  behavior  (visco- 
e las t ic ,  p l a s t i c ,  e t c . ) ,  t h e  i s o c h r o m a t i c  a n d  i s o c l i n i c  f r i n g e  
p a t t e r n s  w i l 1 , i n  g e n e r a l ,  c h a n g e  w i t h  t i m e .  I t  i s  p o s s i b l e  t o  
perform a stress ana lys i s  on  such  a t i m e  dependent model,  
p r o v i d e d  t h e  i s o c h r o m a t i c  f r i n g e  o r d e r  i s  i n d e p e n d e n t  o f  t h e  
i n d i v i d u a l  v a l u e s  o f  p r i n c i p a l  stress and can be r e l a t e d  t o  t h e  
d i f f e r e n c e  of p r i n c i p a l  stress as i n  p h o t o e l a s t i c i t y .  I t  has  
been shown t h a t  t h e  f r i n g e  o r d e r  can  be r e l a t e d  t o  t h e  p r i n c i p a l  
stress d i f f e r e n c e  f o r  some p h o t o v i s c o e l a s t i c  materials and some 
p h o t o p l a s t i c  materials [2,3,4,5,6]. I n  t h e s e  t i m e  dependent  
model materials, t h e  i s o c h r o m a t i c  a n d  i s o c l i n i c  f r i n g e  p a t t e r n s  
depend  on  the  h i s to ry  of t h e  p r i n c i p a l  stress d i f f e r e n c e  a n d  
t h e  h i s t o r y  o f  t h e  d i r e c t i o n s  o f  p r i n c i p a l  stress [ 2 , 3 ] .  
The stress a n a l y s i s  of t h e s e  materials has  the  added  
dimension of t i m e .  To accompl ish   S tep  (l), t h e   i s o c h r o m a t i c  
and i s o c l i n i c  f r i n g e  p a t t e r n s  m u s t  be r eco rded  a t  s e v e r a l  
i n s t a n t s  o f  t i m e  t h r o u g h o u t   t h e  tes t .  This  c a n  be accomplished 
b y  r o t a t i n g  t h e  axes o f  po la r i za t ion  con t inuous ly  and  pho to -  
g r a p h i n g  t h e  f r i n g e  p a t t e r n s  w i t h  a movie camera. From t h e  
p h o t o g r a p h s ,  f o r  e a c h  p o i n t  i n  t h e  m o d e l ,  it i s  p o s s i b l e  t o  
c o n s t r u c t  c u r v e s  o f  i s o c h r o m a t i c  f r i n g e  o r d e r  v e r s u s  t i m e  and 
i s o c l i n i c  a n g l e  v e r s u s  t i m e .  
S t e p  ( 2 )  cons is t s  o f  d e t e r m i n i n g  t h e  d i r e c t i o n  of 
p r i n c i p a l  stress a n d  t h e  p r i n c i p a l  stress d i f f e r e n c e  h i s t o r i e s  
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cor re spond ing  t o  t h e  i s o c l i n i c  a n d  i s o c h r o m a t i c  h i s t o r i e s  
observed   in   the   model .   There  are t w o  methods of per forming  
t h i s  t r a n s l a t i o n ,  t h e  c a l i b r a t i o n  m e t h o d  a n d  t h e  d i r e c t  (or 
analog)  method. 
Us ing  the  ca l ib ra t ion  me thod ,  t he  mechan ica l  
r e s p o n s e  a n d  t h e  c o r r e s p o n d i n g  o p t i c a l  r e s p o n s e  are 
measured   s imul taneous ly   in  a l a b o r a t o r y  tes t .  I f  t h e  
material i s  l i n e a r  v i s c o e l a s t i c ,  a n y  o f  s e v e r a l  t y p e s  
o f  tests p r o v i d e  a d e q u a t e  i n f o r m a t i o n  f o r  c h a r a c t e r -  
i z i n g   t h e  material behav io r .   These   i nc lude   c r eep ,  
r e l a x a t i o n ,  c o n s t a n t  s t r a i n  ra te ,  a n d  v i b r a t i n g  tests 
[ 2 , 5 , 6 ] .  The v a l u e s  of stress, s t r a i n ,   t e m p e r a t u r e  
a n d  f r i n g e  o r d e r  u s e d  f o r  t h e  c a l i b r a t i o n  s h o u l d  
c o v e r  t h e  r a n g e  o f  v a l u e s  o c c u r r i n g  i n  t h e  m o d e l  test .  
Given  the  co r re spond ing  op t i ca l  and  mechan ica l  
r e s p o n s e  f r o m  t h e  c a l i b r a t i o n ,  it is  p o s s i b l e  t o  t a k e  
t h e  o p t i c a l  d a t a  from the model  t es t  and compute the 
m e c h a n i c a l   q u a n t i t i e s  [ 2 , 5 , 6 , 7 ] .  This   computa t iona l  
procedure  may be c a r r i e d  o u t  w i t h  t h e  a i d  o f  a c o m -  
p u t e r .  Much o f   t h i s   c o m p u t a t i o n   a n d   t h e   c a l i b r a t i o n  
i t s e l f  may be b y p a s s e d  b y  u s i n g  t h e  d i r e c t  o r  a n a l o g  
method of  da ta  reduct ion  [8]. 
A comple t e  d i scuss ion  o f  t he  ana log  me thod  i s  g iven  
i n  S e c t i o n  6. Br i e f ly ,   t he   ana log   me thod   i nvo lves  
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t h e   f o l l o w i n g   s t e p s :  (a)  p r e p a r e  a t e n s i l e   s p e c i m e n  of 
t h e  same material as t h e  model; (b) mount t he   spec imen  
i n  a load ing  f r ame  con ta in ing  a load ce l l  i n  a p o l a r i -  
scope;  (c)  load t h e   t e n s i l e   a n a l o g  model i n   s u c h  a 
manner as t o  r e p r o d u c e  t h e  o p t i c a l  r e s p o n s e  o b s e r v e d  i n  
t h e  model a t  a p o i n t   o f   i n t e r e s t ,   a n d   ( d )  record t h e  
cor responding   load  (stress) h i s t o r y .   T h i s  stress h i s t o r y  
i s  e q u a l  t o  t h e  p r i n c i p a l  stress d i f f e r e n c e  h i s t o r y  w h i c h  
o c c u r r e d  a t  t h e  model p o i n t  of i n t e r e s t .  I n  t h e  Appendix, 
two servo  sys tems are desc r ibed  wh ich  w i l l  perform the 
o p t i c a l - t o - m e c h a n i c a l  d a t a  r e d u c t i o n  o f  S t e p  ( 2 )  u s i n g  
t h e  d i r e c t  or analog method. 
S t e p  ( 3 ) ,  t h e  s e p a r a t i o n  o f  t h e  p r i n c i p a l  stresses, i s  
accompl i shed   u s ing   t he   p rocedures   o f   pho toe la s t i c i ty .   These  
p rocedures  are  r e p e a t e d  a t  enough i n s t a n t s  of t i m e  t o  c h a r a c t e r -  
i z e  t h e  c h a n g i n g  stress f i e l d .  
2 . 3  S i m i l a r i t y   a n d  Material S e l e c t i o n  
I n  o r d e r  t o  a p p l y  t h e  stress a n a l y s i s  o f  t h e  model t o  
t h e  s t r u c t u r e ,  t h e  a p p r o p r i a t e  s i m i l a r i t y  l a w  must be used. 
The s i m i l a r i t y  l a w  depends  upon t h e  scale o f  t h e  model and i n  
some cases, upon t h e  material  c o n s t a n t s .  The s i m i l a r i t y  l a w s  
f o r  e l a s t i c  model t e s t i n g  are d i s c u s s e d  i n  References  [1,9,10,11]. 
I f  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  v i s c o e l a s t i c  m o d e l  
material a n d  t h e  p r o t o t y p e  are i d e n t i c a l ,  a n d  i f  t h e  m o d e l  i s  
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loaded i n  proportion to their  cross-section areas,  then the  
stresses i n  t h e  model and prototype w i l l  be the same. The model 
s t ress  ana lys i s  may then  be appl ied direct ly  to  t h e  prototype. 
For some models, a material  can be used whose response is  pro- 
port ional  to  the prototype 's  response.  I n  th i s  case ,  it may be 
possible to proportion t h e  amplitude of the relaxation modulus 
and/or s h i f t  the time scale uniformly so a s  t o  make the response 
of the model and the prototype materials coincide. I n  all 
cases, the problem m u s t  be investigated for dependence on mater- 
ia l  propert ies  as  discussed i n  the references on e l a s t i c  model 
tes t ing .  A discussion of the opt ical  propert ies  of several  
polymers along w i t h  an extensive bibliography of v i scoe las t ic  
model materials i s  given i n  Reference [ 3 ] .  
There i s  a special  case i n  which the prototype material 
i s  l inear ly  v iscoe las t ic  w i t h  constant  Poisson 's  ra t io  and the 
model i s  subjected  to  proportional  loading [ 2 ] .  I n  t h i s  case 
the viscoelast ic  solut ion may be obtained by knowing the  e l a s t i c  
solut ion,  t h u s  only a photoelastic model tes t  i s  needed to  solve 
t h e  problem. 
The s imi la r i ty  laws for  modeling photoplast ic i ty  problems 
are discussed i n  Reference [4 ]  along w i t h  a presentation of the 
behavior of a candidate model material .  
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2.4 Model Materials 
The models tested f o r  t h i s  r e p o r t  were cast from a mix- 
t u r e  of epoxy resj lns  available f r o m  t h e  CIBA C o . ,  F a i r  Lawn, 
New J e r s e y .  The m i x t u r e  c o n s i s t s  of t w o  t y p e s  of r e s i n s  a n d  a 
ha rdene r .  One o f   t he   componen t   r e s ins ,   Ara ld i t e   502 ,  when mixed 
w i t h  t h e  h a r d e n e r ,  A r a l d i t e  9 6 3 , w i l l  p r o d u c e  a r i g i d  material 
having  a modulus  of  about  0 .4  x l o 6  p s i  w h i c h  e x h i b i t s  v e r y  
small c reep .  The o t h e r  r e s i n ,  Araldi te  508, when mixed w i t h  
t h e  same hardener  w i l l  produce a viscoelastic material having  
a r e l a x a t i o n  t i m e  of abou t  30 seconds and a long  t i m e  modulus 
of a b o u t  100 p s i .  M i x t u r e s  o f  t h e  t w o  r e s i n s  w i t h  t h e  h a r d e n e r  
w i l l  produce materials h a v i n g  i n t e r m e d i a t e  v a l u e s  o f  r e l a x a t i o n  
t i m e  and  modulus.  The models u s e d   f o r  tests i n  S e c t i o n s  3 . 6  
and 3 . 7  were a 60/40/10 mixture of 502/508/963 r e s i n s  a n d  t h e  
m i x t u r e  f o r  t h e  tes t  i n  3 . 2  w a s  50/50/10.  The  creep  compliance 
a n d  P o i s s o n ' s  r a t i o  o f  a 50/50/10 mixture are shown i n  F i g u r e s  
1 and 2 .  
S h e e t s  o f  t h i s  material can  be cas t  i n  a mold made from 
t w o  s h e e t s  o f  p l a t e  g l a s s .  S p a c e r s  b e t w e e n  t h e  p l a t e s  d e t e r m i n e  
t h e  t h i c k n e s s  a n d  a cont inuous  rubber  tube  c lamped be tween the  
p l a t e s  o n  t h r e e  s i d e s  o f  t h e  mold  forms a gaske t .   This   epoxy 
i s  a ve ry  t enac ious  adhes ive  and  care must be t aken  t o  i n s u r e  
r e m o v a l  o f  t h e  s h e e t  f r o m  t h e  mold. An e f f e c t i v e  mold release 
is  s o l d  b y  Hysol Corpora t ion ,  Olean ,  New York, as  Hysol AC4-4368. 
B o t h  f a c e s  o f  t h e  mold a n d  t h e  g a s k e t  s h o u l d  be coated w i t h  t h e  
mold release. 
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A t  room t e m p e r a t u r e  t h e  v i s c o s i t y  o f  t h e  u n c a t a l y z e d  
res in  components  is s u c h  t h a t  small a i r  bubb les  w i l l  become 
trapped i n  t h e  m i x t u r e  w h i l e  s t i r r i n g ,  r e s u l t i n g  i n  a poor 
c a s t i n g .  I f  t h e  m i x t u r e  is p l a c e d  i n  a vacuum, some bubb les  
w i l l  be drawn o u t  b u t  t h e  m i x t u r e  w i l l  c a t a l y z e  b e f o r e  a l l  of 
t h e  b u b b l e s  are gone. A more e f f e c t i v e  p r o c e d u r e  i s  t o  h e a t  
t h e   r e s i n   c o m p o n e n t s  t o  130'F p r i o r  t o  mixing.   This  lowers t h e  
v i s c o s i t y  s u f f i c i e n t l y  t o  a l l o w  t h e  b u b b l e s  t o  f l o a t  o f f  b e f o r e  
s o l i d i f i c a t i o n .  The p o t  l i f e  o f  t h e  m i x t u r e  w i l l  be a b o u t  f i v e  
minutes  so t h a t  t h e  f i n a l  m i x i n g  a n d  p o u r i n g  m u s t  be done 
quickly.   Thorough  mixing is  a b s o l u t e l y   n e c e s s a r y  t o  produce 
homogeneous c a s t i n g s .  
The r e s i n  m i x t u r e  i s  c u r e d  i n  a n  o v e n  f o r  1 2  hour s  a t  
160 + - 5'F. The c u r e d  s h e e t  i s  removed f r o m  t h e  mold and allowed 
t o  relax on a f l a t  s u r f a c e  f o r  a d a y  o r  more. Models may t h e n  
be c u t  from t h e  s h e e t .  
The rough shapes are c u t  from t h e  s h e e t  w i t h  a band s a w  
running  a t  h igh  speed  us ing  a s k i p - t o o t h  blade. The best  way 
t o  f i n i s h  t h e  e d g e s  o f  t h e  models i s  w i t h  a h i g h  s p e e d  r o u t e r  
o f  t h e  t y p e  u s e d  i n  p h o t o e l a s t i c i t y .  First a t e m p l a t e  o f  t h e  
model i s  machined f r o m  a r i g i d  material such  as P l e x i g l a s s .  
The  rough  sawn viscoelastic model i s  then  t aped  t o  t h e  t e m p l a t e  
us ing  doub le -backed  t ape  and  cu t  t o  f i n a l  s h a p e  o n  t h e  r o u t e r .  
The  models may a lso be machined i n  l a t h e s  a n d  m i l l s .  I n  a l l  
cases, a s h a r p  tool a n d  t h e  m a x i m u m  tool speed  shou ld  be used. 
.. - . - -  ” 
The models a r e  best held i n  place on the  machine with the aid 
of double backed tape as clamping w i l l  d i s t o r t   t h e  model. 
Finished models s t o r e d   a t  room conditions w i l l  show edge 
fringes after approximately two weeks. The edge f r inge  growth 
w i l l  be grea t ly  re ta rded  i f  the  models a re  s tored  i n  a dessica- 
t o r  when they are not being used. 
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3 .  -STRESS PROBLEMS 
I n  t h i s  s e c t i o n  several r e p r e s e n t a t i v e  t i m e - d e p e n d e n t  
photomechanics  problems are d i scussed .   The re  are t h r e e  steps 
i n  t h e  s o l u t i o n  of a stress a n a l y s i s  u s i n g  a b i r e f r i n g e n t  
model: S t e p  (1) r e c o r d i n g   t h e   i s o c h r o m a t i c   a n d   i s o c l i n i c  
f r i n g e   p a t t e r n s   a n d   t e m p e r a t u r e ;   S t e p  ( 2 )  c o n v e r t i n g   t h e  
o p t i c a l  d a t a  i n t o  v a l u e s  o f  p r i n c i p a l  stress d i f f e r e n c e  a n d  
d i r e c t i o n ,   a n d   S t e p  ( 3 )  c a l c u l a t i n g   t h e   i n d i v i d u a l   c o m p o n e n t s  
o f  stress. I n   t h e   d i s c u s s i o n s  of t h e   v a r i o u s   p r o b l e m s ,   t h e  
p rocedures  w i l l  be d i v i d e d  i n t o  t h e s e  t h r e e  s t e p s .  
3 . 1  Boundary  Point  Problem 
A s  i n  p h o t o e l a s t i c i t y ,  many p rob lems  in  pho tov i sco -  
e l a s t i c i t y  or p h o t o p l a s t i c i t y  w i l l  be t o  f i n d  t h e  stress (or 
s t r a i n )  h i s t o r y  a t  a p o i n t  o n  a f r e e  s u r f a c e  o f  a body.  This 
i s  a n  i m p o r t a n t  t y p e  o€ prob lem because  in  many s t r u c t u r e s  t h e  
maximum stress occur s  on  the  boundary  of a h o l e  i n  t h e  material 
or a t  t h e  root  o f   a n   e x t e r n a l   n o t c h  or f i l l e t .  The stress 
normal t o  a f r e e  s u r f a c e  i s  z e r o  a n d  t h e  stress t a n g e n t i a l  t o  
t h e  s u r f a c e  i s  - t h e  o n l y  p r i n c i p a l  stress. 
S t e p  (1): The d i r e c t i o n  o f  p r i n c i p a l  stress a t  a p o i n t  
on a f r e e  s u r f a c e  i s  c o n s t a n t  a n d  i s  known 2 p r i o r i  t o  be 
t a n g e n t  t o  t h e   s u r f a c e .  I t  i s  t h e r e f o r e   n o t   n e c e s s a r y  
t o  record t h e  i s o c l i n i c  h i s t o r y  f o r  t h i s  t y p e  o f  
problem.  The data t o  be collected f rom  the  model i s  
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o n l y  t h e  i s o c h r o m a t i c  f r i n g e  order h i s t o r y  a t  t h e  
p o i n t  i n  q u e s t i o n .  
S t e p  ( 2 )  : The i s o c h r o m a t i c  h i s t o r y  observed a t  t h e  
p o i n t  i n  q u e s t i o n  i s  r e p r o d u c e d  i n  t h e  t e n s i l e  a n a l o g  
spec imen  and   the   cor responding  stress (or s t r a i n )  
h i s t o r y  i s  measured. 
I t  shou ld  be n o t e d  t h a t  f o r  t h i s  t y p e  o f  t e s t ,  t h e  
model material  i s  n o t  r e q u i r e d  t o  e x h i b i t  a f r i n g e  
order response which i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  
i n   p r i n c i p a l  stresses. The u n i d i r e c t i o n a l  stress 
e x p e r i e n c e d  b y  t h e  model e lement  i s  d i r e c t l y  r e p r o d u c e d  
b y  t h e  u n i d i r e c t i o n a l  stress i n  t h e  t e n s i l e  a n a l o g  
model.  The  example  problem i l l u s t r a t e s  s u c h  a case. 
S t e p  ( 3 ) :  The p r i n c i p a l  stresses do n o t   h a v e  t o  be 
s e p a r a t e d .   S i n c e   o n e   p r i n c i p a l  stress is  z e r o ,   t h e  
r e s u l t  of S t e p  ( 2 )  i s  t h e  f i n a l  a n s w e r .  
3 .1 .1  Example of Boundary  Point  Problem 
The material used for  t h i s  e x p e r i m e n t  i s  a commercial ly  
available b u t y r a t e  p l a s t i c  s o l d  u n d e r  t h e  b r a n d  name "Lexan". 
It i s  clear and i s  a v a i l a b l e  i n  s h e e t s  a n d  t u b e s .  T h i s  material 
e x h i b i t s  a y i e l d  p o i n t  a n d  w i l l  deform permanent ly  under  h igh  
stress, F i g u r e  3. For small l o a d s ,   t h e  material i s  e las t ic .  
A s  t h e  l o a d  i s  i n c r e a s e d ,  f a i n t  d i a g o n a l  l i n e s  c a n  be seen  on  
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t h e  surface o f   t he   spec imen .  The i s o c h r o m a t i c   f r i n g e s   i n c r e a s e  
u n i f o r m l y   u n t i l   y i e l d i n g   b e g i n s .  The f r i n g e  p a t t e r n  t h e n  
becomes striated and t h e  f r i n g e  order i n  a t e n s i l e  s p e c i m e n  
may v a r y   b y  1/4 f r i n g e  a l o n g  i t s  l eng th .   The re  i s  no local 
neck ing   du r ing  y ie ld .  As t h e  s t r a i n  i s  i n c r e a s e d ,   t h e   s p e c i -  
men s u r f a c e  a g a i n  becomes smooth and t h e  f r i n g e  order becomes 
uniform as i n  t h e  e las t ic  r e g i o n .  
O p t i c a l  c r e e p  c a l i b r a t i o n s  u s i n g  a t ens i l e  spec imen  and  
a p r e s s u r i z e d  t h i n  w a l l  t u b e  shovlred t h a t  t h e  f r i n g e  o r d e r  w a s  
n o t  i n d e p e n d e n t  o f  t h e  i n d i v i d u a l  v a l u e s  o f  p r i n c i p a l  stress, 
F i g u r e  4.  I t  is  t h e r e f o r e  i m p o s s i b l e  t o  u s e  t h i s  mater ia l  for  
a n a l y z i n g  a two-dimensional stress s ta te .  
S t e p  (1): A model w a s  prepared  f rom a 1/8 i n c h  t h i c k  
b u t y r a t e  s h e e t  i n  t h e  s h a p e  o f  a s t r i p  2 3/4 i nches  wide  
w i t h  a 7/16 i n c h   d i a m e t e r   h o l e   c e n t r a l l y   l o c a t e d .   T h i s  
s t r i p  w a s  loaded  i n  t ens ion  and  un loaded  in  a Baldwin 
t e s t i n g  m a c h i n e  w i t h  a cons t an t  head  speed  o f  0 .05  
inches/minute .  The l o a d   h i s t o r y  i s  shown i n   F i g u r e  5. 
The maximum load  w a s  s e l e c t e d  t o  be high enough t o  
i n s u r e  some permanent  deformation a t  t h e  e d g e  o f  t h e  
ho le .  Record w a s  made of t h e  load o n  t h e  s t r i p  a n d  t h e  
f r i n g e  order a t  t h e  e d g e  o f  t h e  h o l e .  The f r i n g e  order 
a t  t h e  e d g e  o f  t h e  h o l e  w a s  r e a d  v i s u a l l y  a n d  is  shown 
i n  F i g u r e  6. 
I 
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A t  t h e  e d g e  o f  t h e  h o l e  t h e  m a t e r i a l  y i e l d e d  a n d  
a t   t h e  end  of  the  test  t h e r e  w a s  a r e s i d u a l  f r i n g e  o r d e r  
a t  t h i s  p o i n t .  T h i s  r e s i d u a l  f r i n g e  o r d e r  c a n  be seen  
i n  t h e  p h o t o g r a p h  o f  t h e  u n l o a d e d  m o d e l  shown i n  F i g u r e  7.  
S t e p  ( 2 )  : A tens i le  spec imen of  bu tyra te  w a s  loaded  i n  
the  Ba ldwin  t e s t ing  mach ine  so a s  t o  r e p r o d u c e  t h e  f r i n g e  
o r d e r   h i s t o r y   o b s e r v e d   a t   t h e   e d g e  of t h e  h o l e .  The 
c o r r e s p o n d i n g  ( l o a d )  stress h i s t o r y  was recorded  and i s  
shown i n  F i g u r e  8. The load  was v a r i e d  b y  a d j u s t i n g  t h e  
loading  ra te  by  hand.  
3 . 1 . 2  D i scuss ion  
The m a t e r i a l  u s e d  i n  t h i s  t es t  e x h i b i t s  b e h a v i o r  c h a r a c t e r -  
i s t ic  o f   v i s c o p l a s t i c   a n d   n o n - l i n e a r   v i s c o e l a s t i c   m a t e r i a l s :  it 
f lows under  high stress, t a k e s  a permanent set  a n d  e x h i b i t s  a 
v i s c o s i t y   w h i l e   d e f o r m i n g .  I t  i s  d i f f i c u l t  t o  s a t i s f a c t o r i l y  
c h a r a c t e r i z e  t h e  o p t i c a l - m e c h a n i c a l  b e h a v i o r  of t h i s  m a t e r i a l  
i n  c a l i b r a t i o n  tests as it is  non- l inea r .  The above  example 
w a s  c h o s e n  t o  i l l u s t r a t e  t h a t  an  accurate s o l u t i o n  o f  t h e  
boundary stresses i n  t h i s  c o m p l i c a t e d  m a t e r i a l  c a n  be o b t a i n e d  
w i t h  minimal  e x p e r i m e n t a l   e f f o r t .  The p r o c e d u r e   f o r   a n a l y z i n g  
a s i m p l e r  m a t e r i a l  wDu2-d be t h e  same. 
The results show t h a t  d u r i n g  u n l o a d i n g  t h e  y i e l d e d  
m a t e r i a l  a t  t h e  e d g e  o f  t h e  h o l e  i s  p u t  i n t o  c o m p r e s s i o n .  The 
ana log  spec imen buckled  as  it w a s  p u t  i n t o  c o m p r e s s i o n ,  t h u s  
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t h e  las t  150 seconds  o f  data w e r e  n o t  a n a l y z e d .  The model 
could  have  been  sandwiched  be tween t ransparent  plates t o  p re -  
v e n t  b u c k l i n g ,  a l l o w i n g  a comple t e  ana lys i s . '  
3 . 2  C o n s t a n t   I s o c l i n i c   P r o b l e m  
There are several cases i n  w h i c h  t h e  i s o c l i n i c  o r i e n t a -  
t i o n  i n  t h e  model w i l l  n o t  c h a n g e  w i t h  t i m e .  One of t h e s e  cases 
is  t h e  b o u n d a r y  p o i n t  p r o b l e m  c o n s i d e r e d  i n  t h e  p r e v i o u s  s e c t i o n .  
Another case i s  a l o n g  a l i n e  o f  symmetry. A l s o ,  i f  a homogeneous 
model i s  loaded  wi th  stress b o u n d a r y  c o n d i t i o n s  a n d  t h e  stresses 
are c o n s t a n t  or c h a n g e  p r o p o r t i o n a l l y  w i t h  t i m e ,  t h e n  t h e  iso- 
c l i n i c  o r i e n t a t i o n  w i l l  be c o n s t a n t .  
The s o l u t i o n  t o  t h i s  case i s  t h e  same as the  boundary  
p o i n t   p r o b l e m .   I f   a n   i n t e r i o r   p o i n t  i s  b e i n g   a n a l y z e d ,   t h e r e  
i s  t h e  r e q u i r e m e n t  t h a t  t h e  material e x h i b i t  b i r e f r i n g e n c e  w h i c h  
i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  p r i n c i p a l  stress. The 
fo l lowing  p rocedure  i s  u s e d  f o r  s o l v i n g  t h e  c o n s t a n t  i s o c l i n i c  
problem. 
S t e p  (1): Record t h e   i s o c l i n i c   o r i e n t a t i o n   a n d   t h e  
i s o c h r o m a t i c  f r i n g e  o r d e r  h i s t o r y  a t  p o i n t s  o f  i n t e r e s t .  
S t e p  ( 2 )  : Reproduce   the  observed isochromatic f r i n g e  
order h i s t o r y  i n  a t ens i l e  ana log  spec imen  and  record 
t h e   c o r r e s p o n d i n g  stress h i s t o r y .   T h i s  i s  t h e  p r i n c i p a l  
stress d i f f e r e n c e  h i s t o r y  a t  t h e  p o i n t .  
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S t e p  ( 3 ) :  I f   t h e   i n d i v i d u a l   c o m p o n e n t s  of stress are 
needed ,   S teps  (1) and ( 2 )  are repeated for a large 
number of p o i n t s  f o r m i n g  a g r i d  o n  t h e  model. The 
in t eg ra t ion  me thod  may be performed (as i n  p h o t o e l a s t i c -  
i t y )  f o r  several i n s t a n t s  of t i m e  t h u s  g i v i n g  t h e  t i m e  
v a r i a t i o n  o f  t h e  i n d i v i d u a l  c o m p o n e n t s  o f  stress a t  t h e  
g r id  p o i n t s .  
The ob l ique  inc idence  me thod  may be u s e d  f o r  
s e p a r a t i n g  t h e  stresses a t  p o i n t s  a l o n g  a l i n e  of 
symmetry.  Steps (1) and ( 2 )  mus t   hen  be p e r f o r m e d   f o r  
b o t h  t h e  n o r m a l  a n d  o b l i q u e  i n c i d e n c e  o r i e n t a t i o n s .  
3 .2 .1  Model 
The model shown i n  F i g u r e  9 w a s  prepared from an 1/8 
i n c h  t h i c k  s h e e t  o f  l o w  modulus viscoelastic epoxy. A P l e x i -  
g lass  p lug ,  1 / 2  i n c h  i n  d i a m e t e r ,  w a s  bonded i n  t h e  c e n t e r  o f  
t h e  model.   The  plug  has  an e las t ic  modulus  on  the order of 
lOOOx t h e  modulus of t h e  viscoelastic su r round  and  thus  may be 
t e r m e d   r i g i d .  Aluminum g r i p s  were bonded t o  bo th   ends .  The 
u n s t r a i n e d  l e n g t h  of t h e  model b e t w e e n  t h e  g r i p s  w a s  6 5/8 
i n c h e s  a n d  t h e  w i d t h  2 i n c h e s .  
Tens i l e  ana log  spec imens  were s i m u l t a n e o u s l y  p r e p a r e d  
from t h e  same s h e e t  o f  model material. These  specimens w e r e  
0 .25  inches  w i d e  and 2 1 /2  i nches  long  be tween  g r ips ,  F igu re  9. 
These dimensions w e r e  des igned  t o  take i n t o  a c c o u n t  t h e  load 
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and stroke c a p a b i l i t y  of t h e  l o a d i n g  p o t  w h i l e  m a i n t a i n i n g  t h e  
wid th  g rea t  enough  t o  a l l o w  e a s y  a l i g n m e n t  o f  t h e  s p e c i m e n  i n  
t h e  l i g h t  p a t h  o f  t h e  d a t a  r e d u c t i o n  s y s t e m  ( A p p e n d i x ) .  
The stresses are symmetric a b o u t  t h e  v e r t i c a l  a n d  
h o r i z o n t a l  c e n t e r l i n e s  o f  t h i s  m o d e l .  A stress a n a l y s i s  w a s  
made a l o n g   t h e   h o r i z o n t a l   c e n t e r l i n e .  The i n d i v i d u a l  compon- 
e n t s  o f  stress w e r e  determined by t w o  tes t  methods ;  the  shear -  
d i f fe rence   method  and   the   ob l ique   inc idence   method.  N o t e  t h a t  
since t h e  c e n t e r l i n e  i s  a l i ne  o f  symmet ry ,  t he  shea r  stresses 
w i l l  be z e r o  a l o n g  t h i s  l i n e .  
3 . 3  Obl ique   Inc idence  Method 
The u s e  of t h e  oblique inc idence  method fo r  t h e  s e p a r a -  
t i o n  o f  t h e  p r i n c i p a l  stresses is  p resen ted  a long  wi th  an  
example  problem  and a d i s c u s s i o n  o f  errors i n  R e f e r e n c e  [12]. 
A brief d i s c u s s i o n  of t h e  method i s  g iven  b e l o w .  
Cons ide r  t he  s t r e s sed  two-d imens iona l  mode l  i n  F i g u r e  loa.  
For s impl i c i ty ,  a s sume  the  mode l  i s  e las t ic  w i t h  f r i n g e  c o n s t a n t  
C.  I f  a r a y  o f  p o l a r i z e d  l i g h t  i s  passed  through  the  model  
normal t o  t h e  p l a n e  o f  t h e  model- t h e  r e l a t i v e  r e t a r d a t i o n  
( f r i n g e  o r d e r )  i s  r e l a t e d  t o  t h e  p r i n c i p a l  stresses as fo l lows:  
RnC o1 - a2 - -- t 
where t is  t h e   p a t h   l e n g t h   o f   t h e   n o r m a l   l i g h t   r a y ,   a n d  
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o1 and o2 are t h e   p r i n c i p a l  stresses i n   t h e   p l a n e  of t h e  
model and Rn i s  t h e  re la t ive r e t a r d a t i o n .  
Now rotate t h e  model a b o u t   t h e  axis  o f  o1 so t h a t  t h e  
l i g h t  r a y  p a s s e s  t h r o u g h  t h e  model a t  a n  a n g l e  0 , F i g u r e  lob .  
The re la t ive r e t a r d a t i o n  of t h i s  o b l i q u e  r a y  i s  related t o  t h e  
p r i n c i p a l  stresses as follows: 
where Ro i s  t h e  re la t ive  r e t a r d a t i o n .  
I t  can  be s e e n  t h a t  b y  o b s e r v i n g  t h e  re la t ive  r e t a r d a t i o n  
( f r i n g e  order) o f  a n o r m a l  l i g h t  r a y  a n d  a r a y  a t  a n  o b l i q u e  
a n g l e  8 , a d e q u a t e   i n f o r m a t i o n  i s  ga ined  t o  d e t e r m i n e   t h e  
s e p a r a t e   v a l u e s   o fa n d  o us ing   Equa t ions  (1) and ( 2 ) .  2 
It shou ld  be n o t e d  t h a t  t h e  d i r e c t i o n  o f  p r i n c i p a l  
stresses must be known a n d  t h a t  t h e  e q u a t i o n s  are  more complica- 
ted i f  t h e  model i s  r o t a t e d  a b o u t  some axis o t h e r  t h a n  o n e  of 
t h e  p r i n c i p a l  stress axes. I n  t h e  e las t ic  m o d e l ,   t h e   p r i n c i p a l  
axes  are e a s i l y  located b y   d e t e r m i n i n g   t h e   i s o c l i n i c s .   I n   t h e  
v i s c o e l a s t i c i t y   m o d e l ,   t h e   i s o c l i n i c s  may c h a n g e .   P r a c t i c a l l y ,  
t h i s  method i s  limited t o  p o i n t s  a n d  l i n e s  i n  t h e  viscoelastic 
model i n  w h i c h  t h e  i s o c l i n i c s  ( a n d  t h u s  t h e  d i r e c t i o n s  of 
p r i n c i p a l  stress) are c o n s t a n t .   I n   t h e   m o d e l  t e s t  r e p o r t e d ,   t h e  
l i g h t  w a s  rotated a b o u t  t h e  h o r i z o n t a l  axis of symmetry.  The 
i s o c l i n i c s  were c o n s t a n t , i n d i c a t i n g  t h a t  t h e  p r i n c i p a l  stress 
d i r e c t i o n  c o i n c i d e d  w i t h  t h i s  a x i s .  
I n  t h e  v i s c o e l a s t i c  model test, t h e  r e l a t i v e  r e t a r d a t i o n  
w i l l  v a r y   w i t h  t i m e .  I n  t h e  elastic case c o n s i d e r e d ,   t h e  
p r i n c i p a l  stress d i f f e r e n c e  t e r m  w a s  computed from the observed 
r e l a t i v e  r e t a r d a t i o n  b y  knowing t h e  stress o p t i c  c o e f f i c i e n t  C. 
I n  t h e  v i s c o e l a s t i c  case, t h e  stress d i f f e r e n c e  h i s t o r y  
c o r r e s p o n d i n g  t o  t h e  o b s e r v e d  r e t a r d a t i o n  h i s t o r y  i s  de termined  
w i t h  t h e  tensi le  a n a l o g  f o r  b o t h  t h e  n o r m a l  a n d  t h e  o b l i q u e  
o b s e r v a t i o n s .  
A s s u m e  t h a t  t h e  tensi le  analog model i s  t h e  same 
t h i c k n e s s ,  t , a s  t h e  tes t  model  and t h a t   t h e   a n a l o g  model 
i s  t e s t e d  i n  normal  incidence so t h a t  t h e  p a t h  l e n g t h  of t h e  
p o l a r i z e d   l i g h t  i s  t . The analog  model i s  forced   th rough 
t h e   o b s e r v e d   n o r m a l   r e t a r d a t i o n   h i s t o r y .  The measured  analog 
stress h i s t o r y  i s  e q u a l   t o  (o,-02) (Equat ion (1)) .  A second 
analog model i s  forced  through t h e  o b s e r v e d  o b l i q u e  r e t a r d a t i o n  
h i s t o r y .  The measured  analog stress h i s t o r y  i s  e q u a l   t o  
(01-02 cos2  €)) /cos  8 (Equat ion ( 2 )  ) . By t ak ing   va lues   o f  
(01- 02 1 and (ol-02 cos2  B)/cos 8 a t  co r re spond ing  times, t h e  
t i m e  v a r i a t i o n  of i n d i v i d u a l   p r i n c i p a l  stresses o1 and o2 
may be computed. 
3 .3 .1  _" Exampl-e of  O b l i q u e  Inc idence  Method 
S t e p  (1) : The  model w a s  mounted i n  t h e  p o l a r i s c o p e  
having  h / 4  compensation shown i n  F igu re  l l a .  A 35 mm 
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f raming camera p h o t o g r a p h e d  t h e  c h a n g i n g  f r i n g e  p a t t e r n s .  
A mirror w a s  used  t o  r e f l e c t  l i g h t  f r o m  t h e  p a r a l l e l  
beam i n t o  t h e  model a t  a n  o b l i q u e  a n g l e .  A second 
mirror r e f l e c t e d  t h e  t r a n s m i t t e d  o b l i q u e  r a y s  i n t o  t h e  
camera, F i g u r e  l lb .  I n  t h i s  manner ,   the   normal   and 
o b l i q u e  f r i n g e  o r d e r  h i s t o r i e s  c o u l d  be s imul t aneous ly  
determined.  
The stress h i s t o r y  ( load/ total  s e c t i o n  area) 
a p p l i e d  t o  the   model  i s  shown i n  F i g u r e  1 2 .  The l o a d i n g  
w a s  accompl ished  by  a l lowing  water t o  f l o w  b y  g r a v i t y  
from a s t o r a g e  r e s e r v o i r  i n t o  a c o n t a i n e r  hung  on t h e  
lower end of t h e  model. 
T h e  n o r m a l  a n d  o b l i q u e  f r i n g e  o r d e r  h i s t o r i e s  w e r e  
read f rom  the  f i l m  u s i n g  a 35 mm movie e d i t o r .  The 
f r i n g e  o r d e r s  w e r e  r eco rded  a t  s e v e n  p o i n t s  a l o n g  t h e  
h o r i z o n t a l   a x i s .   T h e s e   f r i n g e  order h i s t o r i e s  are shown 
i n  F i g u r e  13. 
S t e p  ( 2 ) :  A compensa t ing   type   ana log   sys tem w a s  used t o  
de te rmine  t h e  stress d i f f e r e n c e  h i s t o r i e s  c o r r e s p o n d i n g  
t o  t h e  observed f r i n g e  order h i s t o r i e s .  The r e s u l t s  o f  
t h e s e  a n a l o g  tests are shown i n  F i g u r e  14. 
S t e p  ( 3 ) :  The indiv idua l   components  of stress are  shown 
i n  t h e  g r a p h s  i n  F i g u r e  15. S i n c e   t h e   d i r e c t i o n s  
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of p r i n c i p a l  stress c o r r e s p o n d   w i t h   t h e  x and y axes 
al and o2 are ox and o w i t h  T = 0 . 
Y XY 
3.3.2 Di scuss ion  
The o b l i q u e  l i g h t  r a y  i s  b e n t  as it e n t e r s  t h e  model as 
shown i n  F i g u r e  10. To c a l c u l a t e  t h e  a n g l e  o f  t h e  o b l i q u e  r a y  
t h r o u g h  t h e  model, it i s  n e c e s s a r y  t o  know t h e  a n g l e  t h a t  t h e  
l i g h t  r a y  a p p r o a c h e s  t h e  m o d e l  a n d  t h e  i n d e x  o f  r e f r a c t i o n  o f  
t h e  model material. The i n d e x  o f  r e f r a c t i o n  o f  t h e  model t e s t e d  
w a s  1 .53  as de termined  by  the  microscope  method,  Reference  [13]. 
The basis o f  t h e  c a l c u l a t i o n  o f  t h e  i n d i v i d u a l  c o m p o n e n t s  
o f  stress i n v o l v e s  t a k i n g  t h e  d i f f e r e n c e s  of the  no rma l  and  the  
o b l i q u e  f r i n g e  orders. T h i s  d i f f e r e n c e  i s  always small, t h u s  
s m a l l  errors i n  r e a d i n g  t h e  i n d i v i d u a l  n o r m a l  a n d  o b l i q u e  
f r i n g e  orders w i l l  i n t r o d u c e  r e l a t i v e l y  l a r g e  e r r o r s  i n  t h e  
d i f f e r e n c e  of t h e  f r i n g e  orders. The accuracy   of   the   method i s  
i n c r e a s e d  i f  t h e  m o d e l  i s  rotated a b o u t  t h e  axis  o f  t h e  smaller 
p r i n c i p a l  stress and i f  t h e r e  i s  a h i g h   f r i n g e   o r d e r .  The 
l imi ted  number o f  f r i n g e s  d e v e l o p e d  i n  m o s t  v i s c o e l a s t i c  model 
materials l i m i t  t h e  r e a d a b i l i t y  o f  t h e  f r i n g e  o r d e r  a n d  h e n c e  
t h e   a c c u r a c y   o f   t h i s   m e t h o d .  An as sumpt ion   necessa ry   fo r  
a c c u r a t e  u s e  of t h i s  method i s  t h a t  t h e  stress v a r i a t i o n  i n  t h e  
p l a n e  o f  t h e  l i g h t  r a y  n o r m a l  t o  t h e  ax i s  o f  r o t a t i o n  i s  s m a l l  
over a r e g i o n  t s i n  8 . 
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3.4 Shear-Difference  Method 
The use  of t h e  s h e a r - d i f f e r e n c e  m e t h o d  f o r  s e p a r a t i n g  
t h e  p r i n c i p a l  stresses i s  d i s c u s s e d  i n  a n y  s t a n d a r d  r e f e r e n c e  
o n  p h o t o e l a s t i c i t y  [1,9]. A b r i e f  p r e s e n t a t i o n  o f  t h e  m e t h o d  
i s  p r e s e n t e d  h e r e .  
' The shear -d i f fe rence   method allows s e p a r a t i o n  of t h e  
p r i n c i p a l  stresses a l o n g  a s t r a i g h t  l i n e  drawn  from a free 
boundary   o r  a p o i n t  o f  known stress. I t  i s  based o n  t h e  
e q u a t i o n  o f  e q u i l i b r i u m  w h i c h  w r i t t e n  for  C a r t e s i a n  c o o r d i n a t e s  
i n   t h e  x d i r e c t i o n  is: 
and may be w r i t t e n  
I n t e g r a t i n g   b e t w e e n  x = 0 and  x = 2 ( F i g u r e  16 )  




X x = 2  - x = o  = / -  6 7 x Y b x  6Y ( 5 )  
x = o  
A t  t h e   f r e e   s u r f a c e ,  x = 0 , ox = 0 . The i n t e g r a l  may be 
a p p r o x i m a t e l y  e v a l u a t e d  b y  d e t e r m i n i n g  t h e  v a l u e s  of T 
a t  x = 1 , y = + - 1 . A t  a n y  p o i n t ,  t h e  s h e a r  stress, 
XY 
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7 = 1 /2 (a  -0  ) s i n  2a where a i s  t h e   a n g l e   b e t w e e n   t h e  
d i r e c t i o n  of p r i n c i p a l  stresses a t  t h a t  p o i n t  a n d  t h e  x axis.  
Thus t h e  data (al-a2) and a must be de termined  for  a g r i d  
Of p o i n t s  h a v i n g  t h r e e  r o w s .  From t h i s  data t h e  stresses may 
be d e t e r m i n e d  f o r  p o i n t s  a l o n g  t h e  middle r o w  o f  t h e  g r id ,  
F igu re  16a .  
XY 1 2  
Knowing a t  x = 2 , t h e  c a l c u l a t i o n  i s  r e p e a t e d  
OX 
for t h e   n e x t   i n t e r v a l  f r o m  x = 2 t o  x = 4 , etc . ,  u n t i l  
t h e  v a l u e s  of ox have b e e n  de te rmined  a t  a l l  t h e  2n g r i d  
p o i n t s .   S i n c e  0 x , (al-02), and a are known a t  t h e s e   p o i n t s ,  
o and T may be computed ,   t hus   comple t ing   t he   ana lys i s .  
Y XY 
3 .4 .1  Example ~ - __ ~ ~~~ of Shear-Dif f e r e n c e  Method 
S t e p  (1): A model i d e n t i c a l  t o  t h e  o n e  u s e d  i n  t h e  
p r e v i o u s  o b l i q u e  i n c i d e n c e  test ,  F i g u r e  9 ,  w a s  loaded  
w i t h  t h e  stress h i s t o r y  shown i n  F i g u r e  1 2 .  The  model 
w a s  p l a c e d  i n  a f i e l d  of c i r c u l a r l y  p o l a r i z e d  mono- 
c h r o m a t i c  l i g h t  a n d  p h o t o g r a p h s  w e r e  t aken  a t  normal 
i n c i d e n c e  of t h e   c h a n g i n g   f r i n g e   p a t t e r n s .  The f r i n g e  
o r d e r  h i s t o r y  a t  several nodes of a g r i d  w e r e  determined,  
F i g u r e  17 .  Due t o  symmetry, t h e   i s o c h r o m a t i c s  above 
and b e l o w  t h e  c e n t e r l i n e  are i d e n t i c a l .  
A s e p a r a t e  t es t  w a s  r u n  w i t h  t h e  same load ing  
h i s t o r y  b u t  w i t h  t h e  model i n  a p l a n e  p o l a r i z e d  w h i t e  
l i g h t  f i e l d .  The axis  o f  p o l a r i z a t i o n  w a s  r o t a t e d  
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d u r i n g  t h e  test .  An arrow w a s  a t t a c h e d  t o  t h e  P o l a r o i d s  
i n  t h e  f ie ld  of view of t h e  camera t h u s  r e c o r d i n g  t h e  
d i r e c t i o n  o f  t h e  axis  of p o l a r i z a t i o n  o n  t h e  f i l m .  The 
r o t a t i n g  P o l a r o i d  b e n c h  i s  shown i n  F i g u r e  l l a .  
It  is  d i f f i c u l t  t o  d i s t i n g u i s h  t h e  i s o c l i n i c s  a t  t h e  
c l o s e l y   s p a c e d   g r i d   n o d e s .  Two a d d i t i o n a l  tests w e r e  r u n  
i n  w h i c h  t h e  i s o c l i n i c s  w e r e  d e t e r m i n e d  v i s u a l l y  a t  
several o f  t he  nodes .  The re  w a s  a v a r i a n c e  o f  up t o  - +2'. 
An average o f  t h e  v a l u e  o f  t h e  i s o c l i n i c  was u s e d  f o r  t h e  
f i n a l  data.  The i s o c l i n i c s   d i d   n o t   c h a n g e   d u r i n g   t h e  
t es t  and t h e  v a l u e s  for  t h e  u p p e r  r o w  of  nodes are shown 
i n   F i g u r e  1 7 .  Due t o  symmetry, t h e   i s o c l i n i c   a n g l e s  
b e l o w  t h e  c e n t e r l i n e  are e q u a l  i n  m a g n i t u d e  b u t  o p p o s i t e  
i n  s i g n .  
S t e p  ( 2 )  : The s t r e s s - d i f f e r e n c e  h i s t o r i e s  c o r r e s p o n d i n g  to 
t h e  o b s e r v e d  i s o c h r o m a t i c  h i s t o r i e s  a t  the  nodes  w e r e  
d e t e r m i n e d   w i t h   t h e   t e n s i l e   a n a l o g .  The s t r e s s - d i f f e r e n c e  
d i s t r i b u t i o n s  are shown i n  F i g u r e  18. 
S t e p  ( 2 )  : A computer w a s  used t o  s o l v e  t h e  e q u i l i b r i u m  
e q u a t i o n  i n  f i n i t e  d i f f e r e n c e  f o r m  a t  f i v e  i n s t a n t s  i n  
t ine .  To improve   t he   accu racy   o f   t he   i n t eg ra t ion ,  a 
r e f i n e d  g r i d  w a s  used.   The  segment   between  the  r igid 
p l u g  a n d  t h e  .free s u r f a c e  w a s  d i v i d e d  i n t o  twelve e q u a l  
(1 /16   inch)   par t s ,   F igure   16b .  The v a l u e s  of ax w e r e  
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computed a t  s ix  nodes. To i n c r e a s e  t h e  a c c u r a c y  i n  t h e  
r e g i o n s  o f  r a p i d l y  c h a n g i n g  stress n e a r  t h e  r i g i d  p lug ,  
a 3/16 i nch  segmen t  ad jacen t  t o  t h e  p l u g  w a s  f u r t h e r  
divided i n t o  s i x  1/32 i n c h  parts,  F i g u r e   1 6 c .   S t a r t i n g  
w i t h   t h e   v a l u e   o f  ox c a l c u l a t e d  from t h e  f irst  i n t e g r a -  
t i o n  a t  t h e  e d g e  o f  t h e  1/32 i n c h  g r id ,  t h e  i n t e g r a t i o n  
w a s  a g a i n  carried toward t h e  edge o f  t h e  p l u g .  The 
e f f e c t s  o f  t h i s  r e f i n e m e n t  w e r e  t o  p r o v i d e  g r e a t e r  
a c c u r a c y  f o r  t h e  i n t e g r a t i o n  p r o c e d u r e ,  t o  c a r r y  t h e  
c a l c u l a t i o n  closer t o  t h e  r i g i d  p lug  and  t o  g i v e  v a l u e s  
o f  stress a t  t w o  a d d i t i o n a l  p o i n t s .  The v a l u e s   o f  
( 01-02 1 and a a t  t h e   n o d e s   o f   t h e   r e f i n e d   c o m p u t a t i o n  
gr ids  w e r e  i n t e r p o l a t e d  f r o m  c u r v e s  f a i r e d  t h r o u g h  t h e  
nodes  o f  t he  coarser data g r i d .  
The d i r e c t i o n  of p r i n c i p a l  stress a t  p o i n t s  a l o n g  
t h e  x axis  i s  i n   t h e   d i r e c t i o n   o f   t h e  x a x i s ,  
(U = 0 ) .  Thus ox is  o n e   o f   t h e   p r i n c i p a l  stresses and 
o may be computed d i r e c t l y  from t h e  known v a l u e   o f  
(al-02). The v a l u e s   o f  ox and o a t  f i v e   i n s t a n t s  
o f  t i m e  are shown i n  F i g u r e  19. 
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3.5 Comparison of Ob l ique   Inc idence  
and Shear-Difference Methods 
The d o m i n a n t  f a c t o r  c o n t r o l l i n g  t h e  a c c u r a c y  o f  t h e  
stress a n a l y s i s  u s i n g  e i t h e r  m e t h o d  i s  t h e  d e t e r m i n a t i o n  o f  t h e  
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f r i n g e  order. T y p i c a l l y ,   t h e  low  modulus model materials 
w i l l  e x h i b i t  a maximum of two t o  s ix  f r i n g e s  a t  long  times. A t  
earl ier times, t h e  f r i n g e  order i s  c o r r e s p o n d i n g l y  less. 
The r e s u l t s  o f  t h e  o b l i q u e  i n c i d e n c e  m e t h o d  are s t r o n g l y  
dependen t  on  the  accu ra t e  de t e rmina t ion  of t h e  f r i n g e  o r d e r .  
Th i s  i s  b e c a u s e  t h e  c a l c u l a t i o n  d e p e n d s  o n  t h e  d i f f e r e n c e  b e t w e e n  
t h e   n o r m a l   a n d   t h e   o b l i q u e   f r i n g e   o r d e r s .   I n  a t y p i c a l  t e s t ,  
t h e  c h a n g e  i n  f r i n g e  o r d e r  b e t w e e n  t h e  n o r m a l  a n d  t h e  o b l i q u e  
r e a d i n g s  i s  abou t  20%. If t h e   n o r m a l   a n d   o b l i q u e   f r i n g e   o r d e r s  
are each known t o  an  accuracy  of +lo%, - t h e   c a l c u l a t e d   i n d i v i d u a l  
stresses w i l l  have a co r re spond ing  accu racy  o f  abou t  +30%. - The 
r e s u l t s  of the  example  p rob lem us ing  ob l ique  inc idence  show 
c o n s i d e r a b l e   f l u c t u a t i o n   i n  t h e   v a l u e s   o f  CJ and CJ . This  
i s  probably due t o  t h e  i n a c c u r a c i e s  i n  d e t e r m i n i n g  t h e  f r i n g e  
o r d e r .  
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The accuracy  of t h e  s t r e s s - d i f f e r e n c e  m e t h o d  is n o t  q u i t e  
as  s e n s i t i v e  t o  t h e  a c c u r a c y  o f  t h e  f r i n g e  o r d e r  d e t e r m i n a t i o n .  
I n  g e n e r a l ,  t h e  i s o c h r o m a t i c  f r i n g e  order a t  p o i n t s  n o r m a l  t o  
t h e  a x i s  of i n t e g r a t i o n  w i l l  be n e a r l y  t h e  same. An i m p o r t a n t  
factor i n  u s i n g  t h i s  method is  t h e  a c c u r a t e  d e t e r m i n a t i o n  af t h e  
i s o c l i n i c  p a r a m e t e r s .  
I n  p h o t o e l a s t i c i t y ,  t h e  i s o c l i n i c s  are u s u a l l y  d e t e r m i n e d  
by  exposing  the  model  t o  p l a n e  p o l a r i z e d  w h i t e  l i g h t .  A l l  o f  t h e  
i s o c h r o m a t i c s  ( e x c e p t  t h e  0 f r i n g e  order) then   appea r  as d i f f u s e d  
colored f r i n g e s  w h i l e  t h e  i s o c l i n i c s  r e m a i n  black. The c o n t r a s t  
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is  t h u s  i m p r o v e d  a n d  t h e  i s o c l i n i c s  are more e a s i l y  s e p a r a t e d  
from the   i soch romat i c s .   Th i s   appxoach  w a s  used i n  t h e  example 
problem i n  which a s e p a r a t e  test w a s  r u n  u s i n g  p l a n e  p o l a r i z e d  
w h i t e  l i g h t  t o  d e t e r m i n e  t h e  i s o c l i n i c s .  
S i n c e  t w o  tests are conduc ted ,  t he re  i s  t h e  e x p e r i m e n t a l  
problem of making t h e  c o n d i t i o n s  o f  b o t h  tests i d e n t i c a l .  The 
i s o c l i n i c s  a p p e a r  o n  t h e  m o d e l  as broad f r i n g e s  a n d  e x a c t  deter- 
mina t ion  i s  d i f f i c u l t .  The l i m i t  o f   r e p r o d u c i b i l i t y  is  a b o u t  
+lo - a t  best. In  the  example  p rob lem,  th ree  tests w e r e  run and 
t h e  r e a d i n g s  a v e r a g e d .  
3 .5 .1  Conclus ion  
O f  t h e  t w o  m e t h o d s ,  t h e  s t r e s s - d i f f e r e n c e  m e t h o d  a p p e a r s  
t o  g i v e  t h e  best r e s u l t s  i n  t h i s  tes t .  It  i s  imposs ib l e  t o  
g i v e  a n  a b s o l u t e  e v a l u a t i o n  o f  t h e  a c c u r a c y  o f  e i t h e r  m e t h o d  
as t h e r e  are no e x a c t  s o l u t i o n s  t o  th i s  p rob lem fo r  compar i son .  
The e las t ic  s o l u t i o n  f o r  a n  i n f i n i t e  p l a t e  i n d i c a t e s  i s  
a lways  nega t ive  as does i n t u i t i o n .  
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The o b l i q u e  i n c i d e n c e  a n a l y s i s  r e s u l t e d  i n  s o m e  p o s i t i v e  
Ox v a l u e s   i n   t h e   m i d d l e   o f   t h e   r e g i o n   s t u d i e d .   T h e s e   v a l u e s  
are p r o b a b l y  i n  error. The l o w  f r i n g e  o r d e r s  i n  t h i s  t e s t  
would tend t o  make t h e  o b l i q u e  i n c i d e n c e  m e t h o d  e s p e c i a l l y  
s e n s i t i v e  t o  error. A d u a l  beam polar i scope ,  as d i s c u s s e d  i n  
References  [14] and [15], or a mi r ro r  sys t em as w a s  u s e d  i n  
t h e s e  tests allows simultaneous measurement  of  the normal  and 
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t he   ob l ique   r e t a rda t ion .   S imul t aneous   measu remen t   wou ld  seem 
mandatory t o  a c h i e v e  tolerable accuracy .  
3 . 6  Variable I s o c l i n i c   A n q l e  
A t  i n t e r n a l  p o i n t s  i n  t h e  v i s c o e l a s t i c  model, t h e r e  may 
be v a r i a t i o n s  i n  t h e  i s o c l i n i c  a n g l e  d u e  t o  c h a n g e s  i n  t h e  
d i r e c t i o n s   o f   p r i n c i p a l  stress. I f  t h e  i s o c l i n i c  a n g l e  a t  a 
p o i n t  c h a n g e s  d u r i n g  t h e  test ,  t h e  d i r e c t i o n  of p r i n c i p a l  stress 
n o  l o n g e r  c o i n c i d e s  w i t h  t h e  i s o c l i n i c  o r i e n t a t i o n  a n d  t h e  iso- 
c l i n i c  a n g l e  w i l l  lag t h e  d i r e c t i o n  of p r i n c i p a l  stress. A 
t h o r o u g h  d i s c u s s i o n  o f  t h i s  r e l a t i o n s h i p  i s  g iven  by  D i l l  i n  
Re fe rence  [2] .  A s t a t e m e n t  of t h i s   r e l a t i o n s h i p   a n d   t h e   p r o -  
c e d u r e  f o r  data r e d u c t i o n  i s  g iven  below. 
S t e p  (1): The data n e c e s s a r y   f o r   t h e  stress a n a l y s i s  
are t h e  c o i n p l e t e  h i s t o r y  of t h e  i s o c h r o m a t i c  f r i n g e  
order n ( t )   a n d   t h e   i s o c l i n i c   a n g l e  5 a t  t h e   p o i n t s  
t o  be ana lyzed .  
S t e p  ( 2 ) :  I n  order t o  s o l v e  for t h e  p r i n c i p a l  stress 
d i f f e r e n c e  h i s t o r y  a n d  t h e  h i s t o r y  of t h e  d i r e c t i o n  o f  
p r i n c i p a l  stress, co r re spond ing  t o  t h e  i s o c h r o m a t i c  a n d  
i s o c l i n i c  h i s t o r i e s ,  t h e  f o l l o w i n g  e q u a t i o n s  r e l a t i n g  
t h e s e  q u a n t i t i e s  m u s t  be so lved .  
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-0  ) cos 25 = 1 @ ( t - T ) z [ n ( T ) c o s  d 2 5  ( 7 )  ] d ~  ( 7 )  2 
0 
where 
O1 - O 2  i s  t h e  p r i n c i p a l  stress d i f f e r e n c e .  
s is  t h e   o r i e n t a t i o n  of t h e   p r i n c i p a l  stress. 
5 i s  t h e   o r i e n t a t i o n  of t h e   i s o c l i n i c .  
ip is  t h e   o p t i c a l   r e l a x a t i o n   f u c t i o n .  
n i s  t h e   i s o c h r o m a t i c   f r i n g e  order. 
U s i n g  t h e  c a l i b r a t i o n  m e t h o d ,  t h e  o p t i c a l  r e l a x a t i o n  
f u n c t i o n  i s  d e t e r m i n e d  i n  a c a l i b r a t i o n  t e s t  a n d  t h e n  t h e  
i n t e g r a l s   i n   E q u a t i o n s  (6) and ( 7 )  are e v a l u a t e d  
numer i ca l ly .  The t e n s i l e  a n a l o g  may be used t o  de te rmine  
t h e  o p t i c a l - m e c h a n i c a l  c o r r e s p o n d e n c e  d i r e c t l y .  
TWO t e n s i l e  a n a l o g  tests must be r u n :  I n  t h e  f i r s t  
tes t ,  t h e  a n a l o g  i s  forced through a f r i n g e  o r d e r  
h i s t o r y  n ( t )  s i n  2 5  (t) a n d   t h e   r e s u l t i n g  stress h i s t o r y  
w i l l  be t h e  v a l u e  of t h e  l e f t  h a n d  side of  Equat ion ( 6 ) .  
A second analog specimen i s  fo rced  th rough  a f r i n g e  
order h i s t o r y  n ( t )  cos 25  (t) a n d   t h e   r e s u l t i n g   o u t p u t  
w i l l  be t h e  v a l u e  of t h e  l e f t  hand s ide of Equat ion ( 7 ) .  
Thus, a t  any t i m e  t h e   v a l u e s  of (01-02) s i n  2 5  and 
(ol - 02) cos 2 5  are known and ( 01-02) and 5 may be 
c a l c u l a t e d .  
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S t e p  (3)  : Knowing (01-02) and 5 , t h e   i n d i v i d u a l  
components of stress may be computed as i n  t h e  p r e v i o u s  
problem. 
3 .6 .1  Example  of Variable I s o c l i n i c   P r o b l e m  
The model  used for  this exper iment  i s  shown i n  F i g u r e  20. 
The model  was f i r s t  l o a d e d  w i t h  a s t e p - i n p u t  i n  t e n s i o n  o f  
5.08#. A f t e r  200 seconds,  a s t ep - inpu t   shea r ing   l oad   o f  4.08# 
w a s  added .   This   conf igura t ion   and   loading   schedule  w a s  chosen 
t o  g i v e  a l a rge  and  r ap id  change  i n  t h e  d i r e c t i o n  o f  p r i n c i p a l  
stress. 
The s t a t e  o f  stress a n d  d i r e c t i o n  o f  p r i n c i p a l  stress a t  
t h e  center of  t h e  model due t o  t h e  b o u n d a r y  l o a d s  was de te rmined  
w i t h  a pho toe la s t i c   mode l .  The stresses i n  t h e  v i s c o e l a s t i c  
model are t h e  same a s  i n  t h e  e l a s t i c  model i f  P o i s s o n ' s  r a t i o  i s  
t h e  same for  both models  and does not  change i n  t h e  v i s c o e l a s t i c  
model [2] .  Using t h i s   a s s u m p t i o n ,   t h e  e las t ic  s o l u t i o n   p r o v i d e s  
an  answer w i t h  which t o  compare the more c o m p l i c a t e d  v i s c o e l a s t i c  
s o l u t i o n .  
S t ep  (1): The i s o c h r o m a t i c   f r i n g e   o r d e r   h i s t o r y   a n d   t h e  
i s o c l i n i c  a n g l e  h i s t o r y w e r e  d e t e r m i n e d  f o r  t h e  p o i n t  a t  
t h e  center of   the  model .  Two tests w e r e  r u n .  I n  t h e  
f i r s t  t es t ,  t h e  model w a s  p l aced  i n  a monochromatic 
l i g h t   f i e l d  between P o l a r o i d s   h a v i n g  A/4 compensation. 
Due t o  t h e  low f r i n g e  o r d e r ,  a p h o t o m u l t i p l i e r  t u b e  
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measured t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y  a t  t h e  c e n t e r  
p o i n t  t h u s  a l l o w i n g  t h e  d e t e r m i n a t i o n  o f  pa r t i a l  f r i n g e  
orders. The i s o c h r o m a t i c   f r i n g e  order h i s t o r y  i s  shown 
i n  F i g u r e  21. 
A second tes t  w a s  r u n  w i t h  p l a n e  p o l a r i z e d  w h i t e  
l i g h t .  The P o l a r o i d s   c o u l d  be rotated s imul t aneous ly  
by   t u rn ing  a d i a l ,  F i g u r e  l l a .  A calibrated p o t e n t i o -  
meter connec ted  t o  t h e  P o l a r o i d  dr ive  s h a f t  gave an 
e lec t r ica l  o u t p u t  p r o p o r t i o n a l  t o  t h e  a n g u l a r  p o s i t i o n  
o f  t h e  P o l a r o i d s .  The  model w a s  loaded a n d  t h e  c e n t e r  
p o i n t   o f   t h e   m o d e l  w a s  observed.  The P o l a r o i d s  w e r e  
pos i t ioned  by  hand so as t o  m a i n t a i n  t h e  i s o c l i n i c  a t  
t h e   c e n t e r .  The p o t e n t i o m e t e r   o u t p u t  w a s  r eco rded ,  
t h u s  g i v i n g  t h e  h i s t o r y  o f  t h e  i s o c l i n i c  a n g l e  a t  t h e  
c e n t e r .  The i s o c l i n i c  a n g l e  h i s t o r y  i s  shown i n  F i g u r e  2 2 .  
S t e p  ( 2 ) :  Two t e n s i l e   s p e c i m e n s ,  A and B ,  were c u t  from 
t h e  same s h e e t  o f  material  u s e d  f o r  t h e  model. Values  
o f  i s o c h r o m a t i c  f r i n g e  order a n d  i s o c l i n i c  a n g l e  a t  
cor responding  times w e r e  t aken  f rom Figure  2 1  and 22  and 
t h e   i n p u t   f r i n g e   o r d e r   f u n c t i o n s   n ( t )   s i n  2 5  and 
n ( t )  cos 2 5  w e r e  computed,   Figure  23.   These  f r inge 
o r d e r  f u n c t i o n s  w e r e  a p p l i e d  t o  t h e  t e n s i l e  a n a l o g  
spec imens  and  the  ou tpu t  stress h i s t o r i e s  w e r e  recorded 
and are shown i n  F i g u r e  2 4  and 25. T h e s e   v a l u e s   o f  
stress co r re spond  t o  t h e   f u n c t i o n s  (01-02) s i n  25  and 
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(01 2 -0 ) cos 25 . By t a k i n g  v a l u e s  of t h e  o u t p u t  stress 
h i s t o r i e s  a t  co r re spond ing  times, t h e   v a l u e s  of (crl-cr2) 
and 5 may be computed.  The p r i n c i p a l  stress d i f f e r e n c e  
a n d  d i r e c t i o n  h i s t o r i e s  are shown i n  F i g u r e s  26 and 27. 
The viscoelastic v a l u e s  are shown as p o i n t s  for  compari- 
son  t o  t h e  s t r a i g h t  l i n e s  w h i c h  are o b t a i n e d  from a 
p h o t o e l a s t i c  model. 
S t e p  ( 3 )  : The i n d i v i d u a l  v a l u e s  o f  t h e  p r i n c i p a l  stress 
w e r e  no t   de t e rmined .  To s e p a r a t e  t h e  p r i n c i p a l  stresses, 
t h e  p r o c e d u r e s  for  S t e p s  (1) and (2) would be r e p e a t e d  
for  several p o i n t s   a l o n g   t h e  x axis.  The i n t e g r a t i o n  
method, as  d e m o n s t r a t e d  i n  t h e  p r e v i o u s , , t e s t  c o u l d  t h e n  
be used t o  compute  the  ind iv idua l  components  of stress. 
3.7 Variable Temperature Problem. 
It i s  p o s s i b l e  t o  a n a l y z e  t h e  stresses i n  a t i m e  depen- 
dent  two-dimensional  photomechanics  model  with a v a r y i n g ,  non- 
un i fo rm  two-d imens iona l   t empera tu re   d i s t r ibu t ion .   Cons ide r   one  
p o i n t  i n  t h e  model; a r e c o r d  i s  made of t h e  i s o c l i n i c  o r i e n t a -  
t i o n   a n d   t h e   i s o c h r o m a t i c   a n d   t e m p e r a t u r e   h i s t o r i e s .  The 
t empera tu re  th rough  the  th i ckness  o f  t he  mode l  a t  any  poin t  mus t  
be c o n s t a n t .  
The procedures  for ana lyz ing  problems of t h i s  t y p e  are 
i d e n t i c a l  t o  t h e  p r e v i o u s  e x a m p l e s  w i t h  t h e  a d d i t i o n a l  r e q u i r e -  
ment t h a t  t h e  t e m p e r a t u r e  of t h e  t e n s i l e  analog specimen must 
32 
be programned. The t e n s i l e   a n a l o g   s p e c i m e n  i s  p laced  i n  a 
chamber  whose  temperature  can be c o n t r o l l e d .  The chamber ' s  
t empera tu re  i s  v a r i e d  so as t o  p r o d u c e  a t e m p e r a t u r e  v a r i a t i o n  
i n  t h e  a n a l o g  model i d e n t i c a l  t o  t h a t  w h i c h  w a s  olmerved a t  
t h e  mode l   po in t   be ing   ana lyzed .   S imul t aneous ly ,   t he   ana log  
model i s  f o r c e d  t h r o u g h  t h e  f r i n g e  o r d e r  h i s t o r y  o S s e r v e d  a t  
t h e  model   point .  The stress h i s t o r y  i s  recorded .  
The analog specimen mus t  be d e s i g n e d  f o r  p r o p e r  h e a t  
transfer. I d e a l l y ,   t h e   t e m p e r a t u r e   g r a d i e n t   t h r o u g h   t h e  
specimen  would be ze ro .  S ince  heat m u s t  be t r a n s f e r r e d  t o  t h e  
spec imen to  change  i t s  t e m p e r a t u r e ,  t h e r e  is  n e c e s s a r i l y  a 
grad ien t  and  hence  some e r r o r  d u e  t o  the non-uniform tempera- 
t u r e .  A " t o l e r a b l y  l o w "  t e m p e r a t u r e   d i f f e r e n c e   t h r o u g h   t h e  
specimen i s  d e f i n e d  by t h e  material& s e n s i t i v i t y  t o  t e m p e r a t u r e .  
For e x a m p l e ,  t h e  v i s c o e l a s t i c  model materials used i n  t h e  tests 
r e p o r t e d  show approximate ly  5% i n c r e a s e  i n  c r e e p  s t ra in  f o r  a 
2'F i n c r e a s e  i n  t empera tu re  a t  any t i m e .  Thus t h e  t empera tu re  
d i f f e r e n c e  i n  t h e  a n a l o g  s p e c i m e n  s h o u l d  be less than  2'F t o  
i n s u r e  "reasonable" homogeneity. 
An a p p r o x i m a t e  h e a t  t r a n s f e r  a n a l y s i s  may be u s e d  t o  
des ign   the   ana log   spec imen.   Cons ider   an  i n f i n i t e  p l a t e  o f  
t h i c k n e s s  b , s u b j e c t e d  to fo rced   convec t ion  on bo th  faces by 
a f l u i d  whose t empera tu re  Tf v a r i e s   l i n e a r l y   w i t h  t i m e .  A t  
long times t h e  t e m p e r a t u r e  d i s t r i b u t i o n  b e t w e e n  t h e  s u r f a c e  
of t h e   p l a t e  Ts a n d   t h e   c e n t e r  Tc w i l l  be l inear.  The rate 
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of change of t empera tu re ,  dT/dt, w i l l  be 4a(Ts-Tc) /b  
where a i s  t h e  t h e r m a l  d i f f u s i v i t y  of t h e  model material. 
Given dTc/dt t o  be rep roduced   ( f rom  the  model t e s t ) ,  a , 
t h e  material c o n s t a n t   a n d   t h e   a l l o w a b l e  (Ts-Tc) t o  i n s u r e  
homogenei ty ,   the   specimen  dimension b may be determined.  
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I f   t h e   s p e c i m e n  is  s q u a r e  rod of   dimension b r a t h e r  
t h a n  a n  i n f i n i t e  p l a t e  o f  t h i c k n e s s  b , t h e   t e m p e r a t u r e  
d i f f e r e n c e  ( T ~ - T ~ )  w i l l  be less t h a n   i n d i c a t e d   b y   t h e   a b o v e  
a n a l y s i s .   F o r  many p l a s t i c  materials t h e  t h e r m a l  d i f f u s i v i t y  
i s  a b o u t   4 0 1 O - ~   f t .   / h r . .  Assuming  an allowable ( T ~ - T ~ )  o f  
2'F and a model t h i c k n e s s  o f  b = 1 / 4  i n c h ,  t h e  c o r r e s p o n d i n g  
allowable t e n p e r a t u r e  ra te  i s  on t h e  order of l 'F/minute.  For 
a specimen  of b = 1/8 i n c h ,  t h e  t e m p e r a t u r e  ra te  i s  4'F/minute. 
Thus,  the maximum allowable t empera tu re  ra te  t h a t  c a n  be pro-  
duced i n  t h e  a n a l o g  s p e c i m e n  Carl be a l i m i t i n g  f a c t o r  i n  t h e  
ana log  daka r .zduct ion of  a variable temperature  problem. 
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I f  t h e  a n a l o g  model t h i c k n e s s  i s  made less t h a n  t h e  
p r o t o t y p e  model t h i c k n e s s  f o r  p u r p o s e s  o f  i n c r e a s i n g  t h e  
t empera tu re  ra te ,  t h e  programmed f r i n g e  order h i s t o r y  m u s t  be 
p r o p o r t i o n a t e l y  r e d u c e d .  
3 . 7 . 1  Example  of a Variable Temperature  Problem 
A model w a s  c u t  from a 1/8 i n c h  s h e e t  o f  v i s c o e l a s t i c  
epoxy.  The s t r i p  w a s  2 i n c h e s  w i d e  w i t h  a 1 / 2  i n c h   d i a m e t e r  
cen te red  ho le  and  had  r i g i d  g r ips  bonded  t o  each end. 
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A h e a t e r  w a s  p l a c e d  i n  t h e  c e n t e r  o f  t h e  h o l e .  The  model w a s  
sandwiched between t w o  3/8 i n c h  t h i c k  P l e x i g l a s s  g u a r d s  h a v i n g  
P o l a r o i d  HNCP 37 l amina ted  t o  t h e i r  i n s i d e  f a c e s ,  F i g u r e  28. 
With t h i s  a r r a n g e m e n t ,  t h e  t e m p e r a t u r e  t h r o u g h  t h e  t h i c k n e s s  o f  
t h e  model w a s  c o n s t a n t  t o  w i t h i n  + l°F .  - It i s  imposs ib l e  t o  
i n t e r p r e t  t h e  f r i n g e  p a t t e r n s  i f  t h e  t e m p e r a t u r e  s i g n i f i c a n t l y  
v a r i e s  t h r o u g h  t h e  t h i c k n e s s .  
An i ron-cons tan tan  thermocouple  w a s  imbedded i n  t h e  
s u r f a c e  o n  o n e  s i d e  oi' t h e  h o l e .  The f r i n g e  o r d e r  w a s  r e a d  
f r o m  t h e  c o r r e s p o n d i n g  p o i n t  o f  t h e  o t h e r  s i d e  of t h e  h o l e .  
S t e p  (1): The  model w a s  i n i t i a l l y  a t  uniform (room) 
t empera tu re .  The h e a t e r  w a s  tu rned   on   and   s imul tane-  
o u s l y  t h e  model was l o a d e d  w i t h  a dead  weight  of  1 2  
pounds. The the rmocoup le   ou tpu t  w a s  measured on a 
s t r i p  c h a r t  r e c o r d e r  a n d  t h e  f r i n g e  o r d e r  h i s t o r y  w a s  
r e a d  b y  e y e  w i t h  a magn i fy ing  g l a s s ,  F igu res  2 9  and 30. 
S t e p  ( 2 ) :  The t e m p e r a t u r e   h i s t o r y   o f   F i g u r e  2 9  had t o  
be rep roduced   i n   t he   ana log   mode l .  The t h e r m a l   d i f f u s -  
i v i t y  o f  t h e  model material w a s  3.2010-~ f t .  / h r .  a n d  
t h e  allowable t e m p e r a t u r e  d i f f e r e n c e  t h r o u g h  t h e  t h i c k n e s s  
w a s  s e t  a t  +l°F. - The analog model w a s  1/8 i nch  squa re .  
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The tempera ture  chamber  conta ins  fans  which  c i r -  
c u l a t e  t h e  a i r  p a s t   t h e   s p e c i m e n .  The su r face   conduc tance  
for a specimen mounted i n  t h e  chamber w a s  de te rmined  t o  
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be 20  Btu./hr. f t . 2  OF. Us ing   t he   approx ima te   ana lys i s  
d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  m a x i m u m  allowable 
rate-of-change of tempera ture   would  be 4'F/min.. T h i s  i s  
faster t h a n  t h e  r e q u i r e d  3OF/min. so t h e  model s i z e  w a s  
a c c e p t a b l e .  
A compensa t ing- type  ana log  sys tem w a s  set up 
around  the   t empera ture   chamber ,   F igure   31 .  The tes t  
w a s  s t a r t e d  a n d  t h e  t e n s i l e  a n a l o g  s p e c i m e n  w a s  s imul-  
t a n e o u s l y  f o r c e d  t h r o u g h  t h e  t e m p e r a t u r e  h i s t o r y  a n d  t h e  
f r i n g e  order h i s t o r y  o b s e r v e d  a t  t h e  p o i n t  t o  be ana lyzed .  
The stress h i s t o r y  w a s  recorded and i s  shown i n  F i g u r e  3 2 .  
S t e p  ( 3 )  : S i n c e  t h e  p o i n t  a n a l y z e d  w a s  a boundary  po in t ,  
t h e  stress normal t o  t h e  s u r f a c e  w a s  z e r o .  The stress 
h i s t o r y  a t  t h e  p o i n t  i s  t h u s  g i v e n  d i r e c t l y  b y  t h e  t e n -  
s i l e  a n a l o g  a n d  t h e  d i r e c t i o n  of p r i n c i p a l  stress is  
t a n g e n t  t o  t h e  s u r f a c e  o f  t h e  h o l e .  
3 .7 .2  D i s c u s s i o n  
The stress h i s t o r y  i n  t h e  t r a n s i e n t  t e m p e r a t u r e  node1 i s  
compared i n  F i g u r e  3 2  t o  t h e  c a l c u l a t e d  stress h i s t o r y  for a n  
i s o t h e r m a l  model. The i s o t h e r m a l  stresses would be the same as 
t h e  stresses i n  a n  e las t ic  model. 
The  model material used  has  a glass  t r a n s i t i o n  t e m p e r a t u r e  
i n  t h e  r e g i o n  of room tempera tu re  and  thus  small changes  in  temper-  
a t u r e  are accompanied by large c h a n g e s  i n  r e l a x a t i o n  m o d u l u s .  
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During the first ten seconds of the test the stresses are about 
t h e  same as the  e las t ic  s t resses .  A t  l a t e r  times the material 
a t  t h e  edge of the hole becomes sof te r  as i t s  temperature 
increases and the stress decreases.  A t  long  times  the  tempera- 
tu re  of the ent i re  cross  sect ion i s  tending  to  become  more 
uniform and the  s t ress  i n  the transient temperature model again 
approaches the isothermal or elastic stress. 
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4. COMMENTS ON PLANE STRESS PROBLEMS 
The p r e c e d i n g  e x a m p l e  p r o b l e m s  i l l u s t r a t e  a method of 
d e t e r m i n i n g  t h e  stresses i n  two-dimensional viscoelastic models. 
The accu racy  of t h e  r e s u l t s   d e p e n d s   p r i m a r i l y   o n :  (a)  a c c u r a t e l y  
matching or s c a l i n g  t h e  material p r o p e r t i e s  of t h e  model  and 
t h e   p r o t o t y p e :  (b) t h e   p r e c i s e   d e t e r m i n a t i o n   o f   t h e   f r i n g e  data,  
and (c) a c c u r a t e  data r e d u c t i o n   i n   t h e   a n a l o g   s y s t e m .  A f r i n g e  
m u l t i p l i c a t i o n  s y s t e m  as described i n  R e f e r e n c e  [18] or photo- 
e lec t r ic  t r a n s d u c e r s  w i l l  a l l o w  more a c c u r a t e  d e t e r m i n a t i o n  of 
t h e  f r i n g e  order. The a c c u r a c y   o f   t h e  data r educ t ion   depends  
o n l y  o n  t h e  s t a b i l i t y  a n d  f r e q u e n c y  r e s p o n s e  o f  t h e  a n a l o g  
sys t em and  the  care a n d  p r e c i s i o n  e x e r c i s e d  i n  programming and 
c o n d u c t i n g  t h e  tests. The  method  can be used t o  p r o v i d e  s o l u -  
t i o n s  t o  problems which are a n a l y t i c a l l y  i n t r a c t a b l e  a t  t h e  
p r e s e n t  t i m e .  
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5. THREE-DIMENSIONAL  TESTING 
Some i n f o r m a t i o n  a b o u t  t h e  s ta te  o f  stress i n  a t h r e e -  
d imens iona l  viscoelastic body may be o b t a i n e d  b y  u s i n g  t h e  
imbedded p o l a r i s c o p e   t e c h n i q u e .   T h i s   t e c h n i q u e  i s  d i s c u s s e d  
i n   R e f e r e n c e s  [15,16] and [17]. The t e c h n i q u e   c o n s i s t s  of 
imbedding i n  t h e  t h r e e - d i m e n s i o n a l  model, a s h e e t  of f i n i t e  
t h i ckness   hav ing   Po la ro id   l amina ted  t o  b o t h  faces. When t h e  
model i s  loaded, f r i n g e  p a t t e r n s  may be observed which are due 
t o  t h e  stresses i n  t h e  p l a n e  o f  t h e  imbedded sheet.  
The  method i s  l imi ted  b y  t h e  fact  t h a t  t h e  P o l a r o i d s  are 
bonded i n  t h e  model and cannot be rotated t o  d e t e r m i n e  t h e  
i s o c l i n i c  h i s t o r y .  W i t h o u t  k n o w l e d g e  o f  t h e  i s o c l i n i c  h i s t o r y ,  
it is  i m p o s s i b l e   t o   i n t e r p r e t   t h e   i s o c h r o m a t i c   h i s t o r y .  I t  
would be p o s s i b l e  t o  c o n s t r u c t  several i d e n t i c a l  m o d e l s  e a c h  
c o n t a i n i n g  P o l a r o i d  h a v i n g  d i f f e r e n t  o r i e n t a t i o n s  o f  t h e  axes 
o f  p o l a r i z a t i o n  a n d  t h u s  c o n s t r u c t  t h e  i s o c l i n i c  h i s t o r y  f r o m  
several tests.  To de t e rmine   t he   t h ree -d imens iona l  s t a t e  of 
stress i n  t h e  p l a n e ,  s e v e r a l  o t h e r  sets o f  i d e n t i c a l  m o d e l s  
would be manufactured having imbedded planes a t  several s t a t i o n s  
p a r a l l e l  t o  each   o the r   and   no rma l  t o  t h e  f i r s t  p l a n e .  The 
e x p e r i m e n t a l  e f f o r t  f o r  s u c h  a tes t  would be approximate ly  t w o  
orders of magnitude greater t h a n  a two-dimensional  plane stress 
test. 
The t e c h n i q u e  i s  remote ly  p rac t ica l  i n  t h e  case of a 
three-d imens iona l  model i n  w h i c h  t h e  d i r e c t i o n s  o f  p r i n c i p a l  
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stress are known - apr io r i  t o  be c o n s t a n t .  I n  t h i s  case t h e  
maximum s h e a r  stresses i n  t h e  p l a n e  of o b s e r v a t i o n  c o u l d  be 
de te rmined   by   fo l lowing   S t eps  (1) and (2 )  as i n  a two-dimensional 
problem. N o  such   exper iments   have  been performed. 
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6. DATA REDUCTION SYSTEM 
6 . 1  I n t r o d u c t i o n  
The data from t h e  model c o n s i s t s  of a v a r i a t i o n  of l i g h t  
i n t e n s i t y  w i t h  t i m e .  Cons ider  a l i g h t  r a y  p a s s i n g  t h r o u g h  o n e  
p o i n t  of a model located i n  a p o l a r i s c o p e ,   F i g u r e   3 3 a .  The 
l i g h t  i n t e n s i t y  v a r i a t i o n  c o u l d  be reco rded  by  a p h o t o m u l t i p l i e r  
tube  and  would  appear  as i n  F i g u r e  33b.  The maximums and minimums 
of l i g h t  i n t e n s i t y  are i d e n t i f i e d  as i n t e g r a l  h a l f - f r i n g e  o r d e r s  
and  cor respond t o  re la t ive  r e t a r d a t i o n s  o f  i n t e g r a l  h a l f - w a v e  
l e n g t h s   o f   t h e   t r a n s m i t t e d   l i g h t .  The i n f o r m a t i o n  i n  t h e  l i g h t  
i n t e n s i t y  record a l o n e  i s  n o t  s u f f i c i e n t  t o  d e t e r m i n e  t h e  f r i n g e  
o r d e r   ( r e t a r d a t i o n )   h i s t o r y .  A s  i n   p h o t o e l a s t i c i t y ,  t o  d e t e r -  
m i n e  t h e  a c t u a l  f r i n g e  o r d e r  o n e  m u s t  u s e  some compensation 
method or c o u n t  t h e  f r i n g e s  from some p o i n t  o f  0 or known f r i n g e  
o r d e r .  The f r i n g e   o r d e r   h i s t o r y   c o r r e s p o n d i n g   t o   t h e   l i g h t  
i n t e n s i t y  record of F i g u r e  33b i s  shown s c h e m a t i c a l l y  i n  
F igure   33c .  
I n  a t y p i c a l  model test, t h e  f r i n g e  o r d e r  h i s t o r y  i s  con- 
s t r u c t e d  f r o m  p o i n t s  c o r r e s p o n d i n g  t o  i n t e g r a l  h a l f - f r i n g e  
orders o b s e r v e d  d i r e c t l y  o n  t h e  m o d e l  or from photographs of 
t h e  model. The task of t h e  data r educ t ion  sys t em is  t o  reproduce  
t h i s  f r i n g e  order h i s t o r y  i n  a t ens i l e  spec imen  and  t o  measure 
t h e  associated stress h i s t o r y .  
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6.1.1 System A 
System A r e q u i r e s  t h e  minimum equ ipmen t  and  inco rpora t e s  
t h e  o p e r a t o r  as a n  a c t i v e  p a r t  of the   sys tem.  The system is  
shown s c h e m a t i c a l l y  i n  F i g u r e  34 .  
The f r i n g e  o r d e r  h i s t o r y  f r o m  t h e  m o d e l  p o i n t  i n  q u e s t i o n  
i s  conve r t ed  i n t o  a l i g h t  i n t e n s i t y  c u r v e  a n d  p l o t t e d  on a s t r i p -  
c h a r t   r e c o r d e r .   T h i s   c u r v e  i s  c a l l e d  t h e  "master l i g h t  i n t e n s i t y  
cu rve" .  The t e n s i l e  a n a l o g  model i s  mounted i n  a loading   f rame 
i n  series w i t h  a l o a d  cel l .  I f  the l o a d s  r e q u i r e d  are small, 
t h e  o p e r a t o r  c a n  l o a d  t h e  m o d e l  b y  h a n d  . w i t h  a n  a p p r o p r i a t e  
l eve r   sys t em.  I f  t h e   l o a d s   r e q u i r e d  are  l a r g e ,  a t e s t i n g   m a c h i n e  
may be used  and  the  ope ra to r  can  manua l ly  con t ro l  t he  load ing  
rate.  
P o l a r o i d  i s  p l a c e d  on e i t h e r  s i d e  of t h e  model and a 
monochromat ic  l igh t  source  of t h e  same f requency  as w a s  used 
f o r  t h e  model t es t  i s  p l a c e d  o u t s i d e  one  P o l a r o i d .  A l i g h t  
t r a n s d u c e r   ( p h o t o m u l t i p l i e r ,   p h o t o t u b e ,   s i l i c o n   p h o t o v o l t a i c  
ce l l ,  e tc . )  i s  p l a c e d  o n  t h e  o u t s i d e  o f  t h e  o t h e r  P o l a r o i d  a n d  
i t s  ou tpu t   connec ted  t o  t h e  same s t r i p - c h a r t  recorder. The 
a m p l i t u d e  o f  t h e  o u t p u t  f r o m  t h e  p h o t o c e l l  i s  matched t o  t h e  
a m p l i t u d e  o f  t h e  master l i g h t  i n t e n s i t y  c u r v e  o n  t h e  r e c o r d e r .  
The t es t  i s  b e g u n  b y  s t a r t i n g  t h e  s t r i p - c h a r t  r e c o r d e r  
a t  t h e  a p p r o p r i a t e  t i m e  base. The o p e r a t o r   t h e n   l o a d s   t h e  
model so as t o  m a t c h  t h e  l i g h t  i n t e n s i t y  s e n s e d  b y  t h e  p h o t o t u b e  
t o  t h e  master l i g h t  i n t e n s i t y  c u r v e  drawn on the recorder pape r .  
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The associated load h i s t o r y  i s  recorded on  another  recorder. 
Systems using hand loading and machine loading have been 
s u c c e s s f u l l y   u s e d  t o  reduce model data [8]. The accuracy  
d e p e n d s   e n t i r e l y   o n   t h e  skil l  o f   t h e   o p e r a t o r .   F o r   s l o w l y  
c h a n g i n g   f r i n g e  orders, a r e p r o d u c i b i l i t y   o f  better t h a n  +lo% I 
can  be ob ta ined .  
This   sys tem  has  one i n h e r e n t  w e a k  p o i n t .  S i n c e  o n l y  
l i g h t  i n t e n s i t y  i s  s e n s e d ,  t h e r e  i s  ambigui ty  a t  t h e  p o i n t s  o f  
maximum and minimum l i g h t   i n t e n s i t y .   C o n s i d e r ,   f o r   e x a m p l e ,  
t h e  r e g i o n  o f  a maximum p o i n t  i n  t h e  l i g h t  i n t e n s i t y  c u r v e  a n d  
f o r   s i m p l i c i t y   a s s u m e   t h e   m o d e l  i s  e l a s t i c .  F i g u r e  35 i l l u s -  
t ra tes  t h a t  t h e r e  are t w o  load h i s t o r i e s  t h a t  would produce the 
same l i g h t  i n t e n s i t y  h i s t o r y .  Thus t h e   o p e r a t o r   h a s   t o   s u p p l y  
some d e c i s i o n  a t  t h e s e  p o i n t s .  I n  t h e  t r i v i a l  case of   an  
e l a s t i c  material  t h e   d e c i s i o n  i s  u n i q u e l y   d e t e r m i n e d .   I n   t h e  
case of a v i s c o e l a s t i c  material, t h e  d e c i s i o n  i s  u l t i m a t e l y  
an  educa ted  guess ,  such  as " c o n t i n u e  t o  change  the  load smoothly 
i n  t h e  same d i r e c t i o n " .  The  judgment   of   the   operator   has   proven 
a d e q u a t e  i n  several tests. 
The task of programming t h i s  j udgmen t  in to  a computer 
w h i c h   c o u l d   r e p l a c e   t h e   o p e r a t o r  i s  c o n s i d e r a b l e .  The n e x t  t w o  
sys tems described i n  t h i s  r e p o r t  o p e r a t e  so as  t o  bypass  any 
such  dec is ion  making .  
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6.1.2  System B 
This  sys tem,  shown i n  F i g u r e  3 6 ,  o p e r a t e s  o n  a scaled 
f r i n g e  order. The f r i n g e  order i n  t h e  t e n s i l e  a n a l o g  s p e c i m e n  
i s  always  maintained  between 0 and 1 / 2  f r i n g e s .  The correspond-  
i n g  r a n g e  i n  l i g h t  i n t e n s i t y  v a r i a t i o n  i s  thus  be tween  da rk  
(0  f r i n g e   o r d e r )   a n d  maximum (1/2 f r i n g e   o r d e r ) .  The  specimen 
neve r  pas ses  th rough  a minimum or maximum p o i n t  i n  l i g h t  
i n t e n s i t y  a n d  t h u s  t h e  s y s t e m  avoids t h e  a m b i g u i t y  of t h e s e  
p o i n t s .  
Opera t ion  
Given a model f r i n g e  o r d e r  h i s t o r y  t o  be reduced ,  t he  
o p e r a t i o n  o f  t h e  s y s t e m  may be d i v i d e d  i n t o  f i v e  s t e p s :  
(1) . s c a l i n g   t h e   i n p u t   f r i n g e   o r d e r :  ( 2 )  c o n v e r t i n g   f r i n g e  
order i n t o   l i g h t   i n t e n s i t y :   ( 3 )   s c a l i n g   t h e   a n a l o g  model 
t h i c k n e s s   ( i f   n e c e s s a r y ) :  (4)  c a l i b r a t i n g   t h e   s y s t e m ,   a n d  
(5)  r u n n i n g   t h e  tes t .  
S t e p  (1) : The f r i n g e  order h i s t o r y   n ( t )  read from t h e  
model i s  s c a l e d  b y  n o t i n g  t h e  maximum f r i n g e  order, 
n(t)max 
by 2n W m a x  . The r a n g e   o f   f r i n g e  order o n   t h e  scaled 
, o c c u r r i n g  d u r i n g  t h e  t e s t  a n d  d i v i d i n g  n ( t )  
cu rve  i s  now 0 t o  1 / 2  f r i n g e s ,  F i g u r e  3 7 a .  
S t e p  ( 2 )  : The p h o t o m u l t i p l i e r   t u b e  i s  the   f eedback  
t r a n s d u c e r .   S i n c e  it s e n s e s   l i g h t   i n t e n s i t y ,   t h e   i n p u t  
f r i n g e  order curve must  be c o n v e r t e d  i n t o  a l i g h t  
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i n t e n s i t y  c u r v e  f o r  c o m p a r i s o n .  
The p h o t o m u l t i p l i e r  t u b e  r e s p o n d s  l i n e a r l y  t o  l i g h t  
i n t e n s i t y .  The r e l a t i o n s h i p   b e t w e e n   f r i n g e  order 
(relative r e t a r d a t i o n )  and l i g h t  i n t e n s i t y  (dark f i e l d )  
is I = s i n  nn where I i s  l i g h t   i n t e n s i t y   a n d  n i s  
f r i n g e  order. The i n p u t  l i g h t  i n t e n s i t y  c u r v e  i s  t h u s  
g e n e r a t e d  b y  s i n  n (t) n/2n (t)max , F i g u r e  37b. 
z 
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S t e p  ( 3 ) :  Now t h e  f r i n g e  order i n  t h e  t e n s i l e  a n a l o g  
specimen must be p h y s i c a l l y  scaled t o  t h e  r a n g e  o f  0 t o  
1 / 2  f r i n g e s .   T h e r e  are t w o  methods   o f   sca l ing   the   model  
f r i n g e   o r d e r :  (a )  s c a l i n g   t h e   t h i c k n e s s   o f   t h e  model  and 
(b) s c a l i n g  t h e  l o a d s  o n  t h e  model. 
For  example ,  suppose  the  f r inge  order o b s e r v e d  i n  
t h e  model varied b e t w e e n  0 and a maximum o f  f i v e  f r i n g e s  
d u r i n g  t h e  t e s t  and the model  w a s  1/4 i n c h e s  t h i c k .  
u s i n g  method ( a ) ,  t h e  t h i c k n e s s  of t h e  t e n s i l e  a n a l o g  
model  would be scaled t o  1/5 x 1 / 2  x 1/4 inches  or 1/40 
i n c h e s .  The i n p u t  f r i n g e  order h is tory   would   .have   been  
c o r r e s p o n d i n g l y   s c a l e d   b y  1/10 i n  S t e p s  (1) and ( 2 ) .  
The stress i n  t h e  scaled ana log  model would be t h e  same 
as t h e  p r i n c i p a l  stress d i f f e r e n c e  i n  t h e  model. 
I f  t h e  model material i s  l i n e a r  v i s c o e l a s t i c ,  
method (b) may be u s e d .   I n   t h i s  case t h e  t e n s i l e  a n a l o g  
model i s  t h e  same t h i c k n e s s  as t h e  p r o t o t y p e  model. The 
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i n p u t  f r i n g e  order h i s t o r y  i s  scaled b y  1/10 a n d  t h e  
tes t  i s  run.  The stress h i s t o r y  recorded from t h e  
ana log  model when m u l t i p l i e d  b y  10 w i l l  be t h e  p r i n c i p a l  
stress d i f f e r e n c e  h i s t o r y  w h i c h  o c c u r r e d  i n  t h e  p r o t o -  
type model.  
S t e p  (4)  : The system is  calibrated b y  s e t t i n g  t h e  z e r o  
a n d   t h e   a m p l i t u d e ,   F i g u r e  3 6 .  With  the  analog  specimen 
i n  t h e  l o a d i n g  f r a m e  u n d e r  0 load a n d  t h e  i n p u t  f u n c t i o n  
g e n e r a t o r  se t  a t  0 f r i n g e  order, t h e  " z e r o "  o f  t h e  
p h o t o m u l t i p l i e r  t u b e  i s  set  so t h a t  t h e r e  i s  no  ou tpu t  
f rom  ampl i f i e r  1. Next, t h e   i n p u t   f u n c t i o n   g e n e r a t o r  
i s  se t  a t  1 / 2  f r i n g e  o r d e r  a n d  t h e  a n a l o g  s p e c i m e n  is  
loaded t o  1 / 2  f r i n g e  order. The ampl i tude  i s  now 
a d j u s t e d  t o  give 0 o u t p u t  from a m p l i f i e r  2 .  
S t e p  ( 5 ) :  The  specimen is  allowed t o  relax or a new 
specimen i s  p l a c e d  i n  t h e  g r i p s .  The servo loop  i s  
c l o s e d  a n d  t h e  f u n c t i o n  g e n e r a t o r  is  s t a r t e d  on t h e  
a p p r o p r i a t e  t i m e  base. The o u t p u t  stress h i s t o r y  i s  
recorded .  
S t a b i l i t y  
A s  t h e   f u n c t i o n   g e n e r a t o r   a p p r o a c h e s  n = 1 / 2  , a small 
o v e r s h o o t  i n  t h e  s y s t e m  c a n  c a u s e  t h e  f r i n g e  order i n  t h e  s p e c i -  
men t o   e x c e e d  n = 1 / 2  . When t h i s   h a p p e n s ,   t h e   c o n t r o l   s i g n a l  
i s  reve r sed  and  the  sys t em w i l l  d r i v e  t h e  s p e c i m e n  t o  n = 1 1 / 2  
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and  perhaps  on t o  2 1 /2  , 3 1/2 , e tc . ,  u n t i l  some p a r t  of t h e  
sys tem over loads .  
I t  i s  p o s s i b l e  t o  p r e v e n t  t h i s  i n s t a b i l i t y  b y  s c a l i n g  
t h e  f r i n g e  o r d e r  t o  a v a l u e  s l i g h t l y  less t h a n  1 /2  f r i n g e .  I n  
exper iments  per formed on  the  Type B s y s t e m ,  t h e  f u n c t i o n  
s i n  0.8 n ( t ) ~ - r / z n ( t ) ~ ~ ~  w a s  s u c c e s s f u l l y  u s e d  t o  scale t h e  
f r i n g e  order curve .  
z 
6 . 1 . 3  System C 
Th i s   sys t em  uses   f r inge   compensa t ion .   Cons ide r  a t e n -  
s i l e  spec imen  in  a p o l a r i s c o p e   s t r a i n e d   t o   f r i n g e   o r d e r  n = 2 . 
I f  a second  (compensating)  specimen i s  s t r a i n e d   t o  nc = 2 and 
p l a c e d  a t  r i g h t  a n g l e s  t o  t h e  f i r s t  s p e c i m e n ,  t h e  l i g h t  p a s s i n g  
through both specimens w i l l  h a v e  z e r o  r e l a t i v e  r e t a r d a t i o n  o r  
n = 0 . The l i g h t   r a n s m i t t e d  i s  s i n  (n  -n )TT  . Thus, i n  a 
d a r k   f i e l d   p o l a r i s c o p e ,   i f  n = n t h e  l i g h t  t r a n s m i t t e d  i s  
minimum and i f  (ns-nc) = 1 / 2  f r i n g e s , t h e  l i g h t  i s  a maximum. 
T a k i n g   a n   i n t e r m e d i a t e   p o i n t   s u c h  as n - nc = 1/4 and   ho ld ing  
S 
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nc f i x e d ,  as n i s  i n c r e a s e d   s l i g h t l y ,   t h e   l i g h t   r a n s m i t t e d  S 
i n c r e a s e s   a n d   i f  n i s  d e c r e a s e d   s l i g h t l y ,   t h e   l i g h t   r a n s -  
mit ted decreases. Th i s   behav io r   fo rms   t he  basis o f  a servo 
system which w i l l  a d j u s t  t h e  f r i n g e  o r d e r  i n  t h e  a n a l o g  s p e c i -  




Opera t ion  
A schemat ic  of System C i s  shown i n  F i g u r e  38.  The 
o p e r a t i o n  of t h e  s y s t e m  may be divided i n t o  t h r e e  s t e p s :  
(1) programming the  f r inge  order h i s t o r y  o n t o  t h e  c o m p e n s a t o r ;  
( 2 )  a d j u s t i n g  t h e  z e r o  a n d  g a i n  o f  t h e  s e r v o  s y s t e m ,  a n d  
( 3 )  c l o s i n g  t h e  s e r v o  l o o p  a n d  r u n n i n g  t h e  tes t .  
S t e p  (1) : The  compensator may be a second, e las t ic  
s p e c i m e n  w i t h  f a c i l i t y  f o r  v a r y i n g  t h e  l o a d  c o n t i n u o u s l y  
o r  may be a Babine t -  type  compensa tor  whose  pos i t ion  
can  be v a r i e d  c o n t i n u o u s l y .  The  compensator may be 
ac tua ted  manua l ly  or d r i v e n  w i t h  a f u n c t i o n  g e n e r a t o r  
and a s u i t a b l e  servo system. The f r i n g e   o r d e r   h i s t o r y  
observed i n  t h e  model i s  programmed i n t o  t h e  c o m p e n s a t o r  
w i t h  a n  o f f s e t  of 1/4 f r i n g e .  
S t e p  ( 2 ) :  The analog  specimen i s  clamped  between  the 
l o a d i n g  p o t  a n d  t h e  l o a d  ce l l .  There w i l l  be l i g h t  
t r ansmi t t ed  th rough  the  spec imen  and  the  compensa to r  due  
t o  t h e  1/4 f r i n g e  o f f s e t .  The o u t p u t  of the   pho tomul t i -  
p l i e r  t u b e  d u e  t o  t h e  t r a n s m i t t e d  l i g h t  i s  n u l l e d  b y  
a d j u s t i n g   t h e   " z e r o "   p o t e n t i o m e t e r ,   F i g u r e  38. (The 
g a i n  o f  a m p l i f i e r  1 w i l l  h a v e  b e e n  p r e v i o u s l y  a d j u s t e d  
t o  g i v e  optimum response  and  damping  of  the  servo  loop . )  
S t e p  ( 3 ) :  The s e r v o   l o o p  i s  closed and  the  compensator  
i s  s tar ted.  The o u t p u t  l o a d  h i s t o r y  o f  t h e  t e n s i l e  
analog specimen is  reco rded .  
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S t a b i l i t y  
There i s  o n e  p o i n t  a t  w h i c h  t h i s  s y s t e m  c a n  become 
u n s t a b l e .  A t  t h e  b e g i n n i n g  o f  t h e  test ,  i f  t h e  s y s t e m  i s  
p e r f e c t l y  n u l l e d  a n d  t h e  servo loop  i s  closed, a small f l u c t u a -  
t i o n  ( n o i s e )  c a n  s ta r t  t h e  s y s t e m  i n  e i t h e r  t h e  t e n s i o n  o r  t h e  
compress ion  d i r ec t ion .  An unres t ra ined   ana log   spec imen  must  be 
loaded i n  t e n s i o n .  The p o s s i b i l i t y  of a compressive load is  
e l i m i n a t e d  b y  l e a v i n g  a small error s i g n a l  i n  t h e  t e n s i o n  
d i r e c t i o n  i n  t h e  s y s t e m  when it is  n u l l e d .  The  magnitude  of 
t h i s  i n i t i a l  error s i g n a l  d e p e n d s  o n  t h e  n o i s e  i n  t h e  s y s t e m .  
F o r  t h e  e q u i p m e n t  d e s c r i b e d  i n  t h i s  r e p o r t ,  a n  o f f se t  of abou t  
0.01% o f  t h e  maximum o p e r a t i n g  e r r o r  s i g n a l  w a s  s a t i s f a c t o r y .  
Th i s  s m a l l  i n i t i a l  o f f s e t  w i l l  produce a n e g l i g i b l e  f o r c e  o n  
the  spec imen.  
I f  a t  any t i m e  d u r i n g  t h e  t es t  t h e  ra te  of  change of  
i n p u t  f r i n g e  o r d e r  exceeds t h e  f r e q u e n c y  r e s p o n s e  c a p a b i l i t y  
o f  t h e  s e r v o ,  t h e  s y s t e m  w i l l  " s l i p "  o n e  or more f r i n g e  o r d e r s .  
Th i s  behav io r  i s  a p p a r e n t  on t h e  o u t p u t  l o a d  h i s t o r y  a n d  may 
be p r e v e n t e d  b y  d e s i g n i n g  a d e q u a t e  f r e q u e n c y  r e s p o n s e  i n t o  t h e  
system. 
Di scuss ion  
System C h a s  several advantages  over   System B: (a) The 
i n p u t  t o  System C i s  t h e  f r i n g e  order c u r v e  r a t h e r  t h a n  a l i g h t  
i n t e n s i t y  c u r v e .  The model data is  u s u a l l y  i n  t h e  f o r m  of a 
f r i n g e  order h i s t o r y  a n d  t h e r e f o r e  may be p u t  d i r e c t l y  i n t o  t h e  
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analog  system. (b) N o  s c a l i n g  i s  necessa ry .  The ana log  model 
can  be c u t  from t h e  same s h e e t  of material used  fo r  t h e  p r o t o -  
t y p e  model a n d  t h e  a c t u a l  m a g n i t u d e  of t h e  f r i n g e  order i s  
rep roduced   i n   t he   ana log   spec imen .  (c) The l i g h t   s e n s i n g  
t r ansduce r  does  no t  have  t o  be ampl i tude  calibrated as i n  
System B a n d   t h u s   d . c .   s t a b i l i t y   r e q u i r e m e n t s  are less. To be 
completely automatic ,  System C r e q u i r e s  a programmable compen- 
sator which i s  not  commerc ia l ly  available.  
6.1.4  Equipment 
The equipment used i n  t h e  Types B and C ana log  data 
r educ t ion   sys t ems  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .  Most 
of t h e  components are common t o  b o t h  s y s t e m s .  R e f e r  t o  t h e  
schemat i c s  o f  t he  sys t ems  in  F igu res  36 ,  38 ,  and  the  pho to -  
g r a p h  i n  F i g u r e  39. 
The i n t e n s i t y  o f  t h e  l i g h t  t r a n s m i t t e d  t h r o u g h  t h e  
specimen i n  t h e  p o l a r i s c o p e  i s  sensed by an RCA 901A photomul t i -  
p l i e r  t u b e .  The o u t p u t  o f  t h e  p h o t o m u l t i p l i e r  t u b e  i s  i n  t h e  
range   of  0 t o  1 v o l t .  The l i g h t  s o u r c e  i s  a GE 306 f i l a m e n t  
lamp  powered  by a 2 8  vdc,  1 / 2  amp., r e g u l a t e d  power  supply. 
The o u t p u t  o f  t h e  lamp i s  smooth  and  cons tan t  over  long  in te r -  
vals  o f  t i m e .  A C o r n i n g  g l a s s  f i l t e r  made o f  t h r e e  e l e m e n t s ,  
4-72,  1-60,  and  3-68, w a s  u s e d .   T h i s   f i l t e r   p a s s e s  a narrow 
band  o f  l i gh t  a round  5460 2 . 
An E l e c t r o n i c  Associates I n c . ,  PACE TR-20 Analog 
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Computer w a s  used t o  c o n d i t i o n  t h e  s i g n a l .  P o t e n t i o m e t e r s  i n  
the  computer  w e r e  used  ko p r o p o r t i o n  t h e  v o l t a g e s  t o  set  t h e  
null, r ange   and   ga in   o f   t he   sys t ems .  The TR-20 i n c o r p o r a t e s  
a m e t e r  which w a s  used t o  d e t e r m i n e  t h e  n u l l  c o n d i t i o n s .  A 
swi tch  on  the  computer  closes t h e  s e r v o  l o o p  p r i o r  t o  beg inn ing  
t h e  test. 
The o u t p u t  f o r c e  of t h e  l o a d i n g  p o t  i s  p r o p o r t i o n a l  t o  
t h e  c o n t r o l  s i g n a l  i n p u t .  I t  w a s  n e c e s s a r y  t o  i n t e g r a t e  t h e  
error s i g n a l  t o  f o r m  t h e  c o n t r o l  s i g n a l  t o  t h e  p o t  so t h a t  a 
f o r c e  c o u l d  be main ta ined  on the  specimen when t h e  error s i g n a l  
w a s  z e r o .  I f  t h e  l o a d e r  w a s  a p o s i t i o n i n g  d e v i c e  l i k e  a tes t -  
ing  mach ine ,  t he  error s i g n a l  c o u l d  be a p p l i e d  d i r e c t l y  t o  t h e  
l o a d e r  as t h i s  t y p e  of d e v i c e  w i l l  m a i n t a i n  i t s  p o s i t i o n  a n d  
hence  load  on  the  spec imen as t h e  error goes t o  ze ro .  
The c o n t r o l  s i g n a l  i s  ampl i f i ed  by  a 50 w a t t  a u d i o  
power a m p l i f i e r ,  M o t o r o l a  c i r c u i t  An-275 .  The o u t p u t  of t h e  
ampl i f i e r  d r ives  - the  e l ec t rodynamic  loade r ,  a Goodmans I n d u s t r i e s  
Type 390. The l o a d e r   h a s  a s e n s i t i v i t y  of 5 pounds/ampere  and 
w i l l  d e l i v e r  a maximum fol-ze of 2 0  pounds over a throw o€ 1 / 2  
i nch .  
The l o a d  c e l l  i s  a t h i n  c a n t i l e v e r  beam ins t rumen ted  
w i t h  a SR-4 s t r a i n  g a g e  a t t a c h e d  t o  i t s  upper and l o w e r  s u r -  
f a c e s .  The gages  are c o n n e c t e d  i n  a d j a c e n t  arms o f  a Wheatstone 
b r i d g e .  The b r i d g e  i s  powered  with a 6 vdc  dry  ce3.1 b a t t e r y .  
The s e n s i t i v i t y  o f  t h e  b r i d g e  i s  2 mv/pound. T h i s  s e n s i t i v i t y  
51 
can  be i n c r e a s e d  b y  a d d i n g  e x t e n s i o n s  t o  t h e  o u t e r  e n d  of t h e  
c a n t i l e v e r .  The o u t p u t  of t h e  load c e l l  w a s  recorded on a 
H e w l e t t  Packard  Model 7100 B s t r i p - c h a r t  recorder. The 
maximum s e n s i t i v i t y  of t h i s  recorder i s  1 m v  f u l l  scale. 
In  Sys t em B,  t h e  s c a l e d  l i g h t  i n t e n s i t y  i n p u t  f u n c t i o n  
w a s  graphed on a H e w l e t t  Packard Model 7100 B s t r i p - c h a r t  
recorder i n c o r p o r a t i n g  a Model 7502 A Line   Fol lower .  The l i n e  
f o l l o w e r  traces t h e  c u r v e  a n d  p r o d u c e s  a n  o u t p u t  v o l t a g e  p r o -  
p o r t i o n a l  t o  t h e  o r d i n a t e  o f  t h e  c u r v e .  
In  Sys t em C ,  a Babinet  compensator  w a s  used t o  i n t r o d u c e  
t h e  r e q u i r e d  f r i n g e  order i n p u t  i n t o  t h e  l i g h t  p a t h .  The 
r e q u i r e d  r e t a r d a t i o n  i s  accompl ished  by  turn ing  a c a l i b r a t e d  
d i a l  on the   compensa to r .   Fo r   t he  tests r e p o r t e d  i n  t h i s  p a p e r ,  
t h e  i n p u t  f r i n g e  o r d e r  p r o g r a m  w a s  a p p l i e d  by t u r n i n g  t h e  d i a l  
on the  compensa tor  manual ly  accord ing  to  the  requi red  program.  
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F i g u r e  2: Poisson r a t i o  in c r e e p ,  
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F i g u r e  4. F r i n g e  order r e s p o n s e  of b u t y r a t e  l o a d e d  i n  o n e  
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Figure 5. Load applied to specimen. 
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F i g u r e  6. F r i n g e   o r d e r  history a t  e d g e  of hole. 
Figure 7. Unloaded butyrate model showing residual fringe 
order due to plastic flow, light field. 
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F i g u r e  8. S t r e s s  h i s t o r y  a t  edge  of h o l e  as d e t e r m i n e d  with 
a t e n s i l e  analog specimen. 
- - ----
Figure 9. Low modulus plate with bonded rigid inclusion and 
a tensile analog specimen. 
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F i g u r e  12. S t r e s s  h i s t o r y  a p p l i e d  t o  p la te  w i t h  r i g i d  
i n c l u s i o n .  









F i g u r e  13. N o r m a l  a n d   o b l i q u e   f r i n g e  order h i s t o r i e s  
a l o n g  l i n e  o f  s y m m e t r y .  
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F i g u r e  14. N o r m a 1  a n d   o b l i q u e   s t r e s s - d i f f e r e n c e s  as deter- 









Figure 15. Individual  components of stress  along  line of 
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F i g u r e  1 7 .  F r i n g e  order h i s t o r i e s   a n d   i s o c l i n i c   a n g l e s   a l o n g  
l i n e  of symmetry and upper  r o w  of g r i d .  
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F i g u r e  18. Stress d i f f e r e n c e  histories as d e t e r m i n e d  w i t h  
t e n s i l e  analog. 
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Figure  19. Ind iv idua l  components of stress along l i n e  of 
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Qi P r i n c i p a l   s t r e s s   d i r e c t i o n  
Figure 20. Tensi le-shear  model  used for  v a r i a b l e  i s o c l i n i c  
problem. 
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Figure 21 .  Isochromatic  fr inge  order  history a t  center  Of 
tensile-shear model. 
200 300 400 500 
TIME (SECONDS) 




0 $"I I 
I I 
0 100 200 300 400 500 600 
TIME (SECONDS) 
F i g u r e  23.  T e n s i l e   a n a l o g   i n p u t   f r i n g e  order f u n c t i o n s .  
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F i g u r e  24.  O u t p u t  stress h i s t o r y   f r o m   a n a l o g   c o r r e s p o n d i n g  
t o  i n p u t  f u n c t i o n  n (t) s i n  2 5 
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F i g u r e  25. Output  stress h i s t o r y   f r o m   a n a l o g   c o r r e s p o n d i n g  
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Figure 26. P r i n c i p a l  stress d i f f e r e n c e  h i s t o r y  computed from 
Figures  2 4  and 2 5 .  
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F i g u r e  27.  D i r e c t i o n   o f   p r i n c i p a l  stress computed  from 




(c) Temperature recorder 
(d) Load 
Figure 28. Model for variable temperature test shown with 
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Figure  29. Temperature   his tory of p o i n t  on  edge of hole .  
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F i g u r e  30. F r i n g e  order h i s t o r y  a t  po in t  on  edge  of hole. 
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(a) Temperature chamber 
(b) Photomultiplier tube 
(c) Loading pot 
(d) Integrator 
(e) Load cell 
(f) Specimen 
(g) Temp. controller 
(h) Circulating fan 
Figure 31. Variable temperature chamber and loading apparatus 
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F i g u r e  32.  S t r e s s  h i s t o r y  i n   t e n s i l e   a n a l o g   s p e c i m e n .  
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F i g u r e  3 3 .  R e l a t i o n s h i p   b e t w e e n  l i g h t  i n t e n s i t y  v a r i a t i o n  
and f r i n g e  order. 
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Figure  35. L igh t   i n t ens i ty   va r i a t ion   co r re spond ing  t o  t w o  
l o a d i n g  h i s t o r i e s ,  e las t ic  model. 
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F i g u r e  36. System B. S c h e m a t i c  of a n a l o g  data  r e d u c t i o n  
s y s t e m  u s i n g  t h e  p r i n c i p a l  of scaled f r i n g e  order. 
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3 7 .  Example o f  s c a l i n g  a f r i n g e  order cu rve   and   con-  
v e r t i n g  t o  a l i g h t  i n t e n s i t y  c u r v e  f o r  i n p u t  t o  
Sys tem B. 
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F i g u r e  38. Sys tem c .  S c h e m a t i c   o f   a n a l o g  data  r e d u c t i o n   s y s -  



















(b) Light source 
(c) Photomultiplier tube 
(d) Load cell 
(e) Integrator 
(f) Loading pot 
Figure 39. System C equipment 
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